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Abstract
The multichannel monolith is used as a catalyst support in a wide range of catalytic 
combustion applications. The walls of the channels are often coated with a very thin 
layer (10-5Opm) of high surface area material (e.g. X-AI2O3), in which the catalyst is 
dispersed.
In order to measure the effective diffusivity, De, of CH4 and C5 - Cs «-paraffins in the 
catalytic layer, a section of cordierite (0.25 mm thick) was cut from a monolith, then 
coated and sealed in a Wicke-Kallenbach type of diffusion cell. The washcoat (1.5 pm 
to 10  pm) was formed by a sol-gel technique from an alumina suspension.
For the uncoated cordierite, when the experimental results were compared with the use 
of the parallel pore model and the random pore model, it was found that the predicted 
values of De were very much greater than experimental values. In order to obtain a 
good match, it was necessary to apply a model in which tortuosity factors could be 
inserted. Values of tortuosity ranged from 5.1 for methane to 17.5 for w-octane.
For the washcoated cordierite plate, in a variety of preliminary screening studies, the 
effects of doping with zirconia, addition of drying agent and catalyst, influence of 
calcination temperature and the number of coating were studied. In experiments with n- 
hexane, w-heptane and «-octane, it was shown that De decreases with an increase in the 
weight and hence thickness of washcoat loadings. Above a washcoat loading of 0.0012 
g/cm2 (corresponded to 1.5 pm), the decrease was linear with loading. The resistance in 
the interfacial layer can be significant at low washcoat thickness.
In a binary composite layer of washcoat and cordierite support, it was shown that higher 
values of De are obtained, if the hydrocarbon stream is on the cordierite side.
Finally, the diffusion of a mixture of hydrocarbons was briefly studied. These 
multicomponent diffusion experiments show that the De values of each diffusing species 
in a multicomponent diffusion system are close to the values obtained from binary 
diffusion experiments.
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Nomenclature
A = Cross-sectional area of a sample plate, [cm2 or mm2]
C0 = Tracer concentration in upper chamber of the diffusion cell [mol/cm3]
Cj = Tracer concentration in upper chamber of the diffusion cell, [mol/cm3]
CA ~ Concentration of diffusing species A of the diffusion cell [mol/cm3]
Cp = Intraphase tracer concentration, [mol/cm3]
D0 = True diffusion coefficient defined in Equation (3.12), [cm2/s]
Da = Macro diffusion coefficient, [cm2/s]
Dab = Molecular diffusion coefficient, [cm2/s]
DAB,&ff ~ Effective molecular diffusion coefficient, [cm2/s]
De or Deff = Effective diffusion coefficient, [cm2/s]
De cord = Effective diffusivity in cordierite substrate [cm2/s]
overall ~ Overall effective diffusivity [cm2/s]
A.washcoat = Effective diffusivity in washcoat [cm2/s]
Di = Micro diffusion coefficient, [cm2/s]
Dka = Knudsen diffusion coefficient of species A, [cm2/s]
Dfu.a = Macro Knudsen diffusion coefficient, [cm2/s]
Dkaj = Micro Knudsen diffusion coefficient, [cm2/s]
dp = Average pore diameter, [cm or m]
Dt = Transition diffusion coefficient (=(1/Dka + 1/Dka)a) [cm2/s]
F, v = Volume flowrate over faces of the sample plate in diffusion cell, [cm3/s]
JA — Molar flux of species A [mol/(cm2.s)]
Ji = Molar flux of species i [mol/(cm2.s)]
j v = Molar average velocity of the entire phase or the amount of convection, [cm/s]
k = External mass transfer coefficients, [cm/s]
L = Length of a pellet or thickness of a plate, [cm]
lL l3 = Thickness of washcoat layer [cm]
12 = Thickness of substrate [cm]
I overall ~ Total thickness [cm]
A £ -M = —  ( — ) 2 defined in Equation (3.1)
^2  De
Ma = Molecular weight of species A, [g/mol]
M Ab  = 2[(1/Ma) + (1 /Mb)]’'defined in Equation (2.2)
n = Avogadro’s number (= 6 .0 2  x 1023)
N  = 2 defined in Equation (3.1)
xvi
Na = Molar flux of species A [mol/(cm2.s)]
N a s = Superficial molar flux, [mol/(cm2.s)]
Nb = Molar flux of species B [mol/(cm2.s)]
P = Pressure, [bar]
P = Vapour pressure over the meniscus in the capillary, [bar]
P° = Saturation pressure, [bar]
Q = Ratio of the average pore length to the thickness of the slab, [dimensionless]
r = Average pore radius, [m or cm]
R = Gas constant (= 8.314 J / mol K)
ra = Macropore radius, [m or cm]
n = Micropore radius, [m or cm]
rh rm = Radius of capillary, [m]
S = BET surface area, [m2/g]
T = Temperature, [K or °C]
t = Time, [s]
u = Average velocity, [m/s or cm/s]
V = Volume flowrate over faces of the sample plate in diffusion cell, [cm3/s]
V = Volume of chambers in diffusion cell, [cm3]
vg = Pore volume of a solid [cm3/g]
Vl = Liquid molar volume, [cm3/mol or m3/mol]
X, z = Axial co-ordinate in diffusion cell, [cm or m]
Xi = value of sample i
X = Arithmetic mean of a sample
yA = Mole fraction of component A, [dimensionless]
z = Wall collision frequency per unit area in stationary gas,
Greek letters
a = Ratio of fluxes, NA/NB = -(MA/MB) 1/2
/n = The real part of the Laplace transform function,
sn = The imaginary part of the Laplace transform function,
AQ = Concentration difference of component i across the plate [mol/cm3]
AP = Pressure gradient across the porous solid [mbar]
Ax = Thickness of the plate [cm]
E = Effectiveness factor
£ = Total porosity, [dimensionless]
£at &M = Macroporosity, [dimensionless]
















: Half time required for tailing to vanish,
: Coefficient of viscosity,
: The angle of contact angle between an adsorbent and the wall 
: Contact angle of mercury (= 130°).
: Geometrical constant (=T/r)
: Mean free path,
: Surface tension of adsorptive,
: Mean
: Characteristic length,
Surface tension of mercury (= 0.485 N/m),
Surface tension of liquid nitrogen, 8.72 mN/m 
Gas density,
: Apparent (bulk) density of a solid 
Tortuosity factor, 
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0 = of coordinate x=0 or z=0
1,2 = at the upper chamber and the lower chamber, respectively
i, A, B = with respect to chemical species i, A, B, respectively 
j  = of capillary segment j
L = of coordinate x=L or z=L




DCCA : Drying control chemical additive
DIC : Differential interference contrast
EDS : Energy-dispersive spectrometry
FID : Flame ionisation detector
HSG : High speed generator
J-S : Johnson-Stewart model
LAB2 or Lab2: Alumina sol prepared from aluminium z-propoxide
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LAB3 or Lab3: Alumina sol prepared from aluminium s-butoxide
SCR : Selective catalytic reduction
SEM : Scanning electron microscopy
TCD : Thermal conductivity detector
TEM : Transmission electron microscopy
W-K : Wicke-Kallenbach
W-S : Wakao-Smith model
XRD : X-ray diffraction
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Chapter 1. Introduction
Background to the project 
Catalytic combustion
The use of a heterogeneous catalyst on a monolith support to facilitate the combustion 
of gaseous hydrocarbons and carbon monoxide (CO) is well known. Clear advantages 
can be gained which include the reduction in emissions of environmental pollutants, 
such as hydrocarbons, CO, NOx, particulates.
The catalytic converter as a gas clean-up device to control emissions from a vehicle is 
well established. However, the use of catalytic combustion in primary combustion 
applications is less well known. The background to the development of catalytic 
combustion and potential applications are described in a textbook by Hayes and 
Kolaczkowski (1997).
Application o f catalytic combustion in a gas turbine
From a number of recent review articles (e.g. Trimm, 1983; Touchton, 1983; 
Kolaczkowski, 1995; Dalla Betta, 1997; Beebe, 2000), it is clear that there is increasing 
interest in the use of catalytic combustors in stationary gas turbines for power 
generation. According to McCatrty et al. (1999), the commercialisation of catalytic 
(gasoline) turbo-generators (~50kW) and catalytic (natural gas) small (1-5 MW) gas 
turbine engines is an important goal.
This work has evolved as a result of a particular interest at the University of Bath, to 
develop a catalytic gas turbine system for transport applications (alternative engine for 
land vehicle, like a van). Trials of conventional gas turbine powered vehicles were done 
in the early 1970s (e.g. Anderson, 1979; Sjoblom and Rehn, 1997). However, the use of 
catalytic combustor in a gas turbine for an automobile engine has not yet been 
thoroughly tried even though the concept may offer many advantages, such as reduction 
of pollutants and improvement in fuel economy.
The use of petrol as a fuel is of interest to this work, as the infrastructure to supply this 
liquid fuel to support transport applications is already in place.
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Operating temperatures for a catalytic gas turbine combustor
In selecting catalysts for the gas turbine engine applications, one of the important 
features of the catalyst is the range of temperatures over which it can operate. In 
general, there is an optimum temperature range at which catalytic reactions will occur 
and these are normally catalyst-specific. As a gas turbine engine operates over a wide 
range of operating temperatures, an appropriate catalyst system will be needed. 
However, there is no known catalyst which has an acceptable level of activity across the 
entire range of operating temperatures in a gas turbine combustion chamber 
(Kolaczkowski et al., 1999). There are two main causes of catalyst deactivation during 
combustion. Firstly, it may be caused by the deactivation of the active catalyst. For 
example, at elevated temperatures above 800 °C, palladium oxide decomposes to 
metallic palladium as results of oxidation reaction, the latter being relatively inactive for 
the catalytic combustion of methane (e.g. Ferrauto et al., 1990). Secondly, it may be 
due to a change in the pore structure of the catalyst support. For example, ^-alumina 
experiences a phase changes to or-alumina at 900 °C and loses its surface area from ca 
300 m2/g to ca 5 m2/g. Because of the phase change, the closure of the opening of the 
pore and/or blocking of the pore occurs and hence the active catalyst is buried in the 
support and hence cannot be accessed.
When exposed to high temperatures, the catalyst coated layer may start to peel off 
during use, lowering the performance of the catalyst. Adhesion may be improved by 
the use of an inorganic binder. However, this may also decrease the surface area of the 
washcoat; it may cover the catalyst surface, and it may react with the catalyst, thereby 
decreasing the performance of the system (e.g. Agrafiotis & Tsetsekou, 2000).
There are a number of methods that could be used to coat the surface of a monolith with 
a washcoat to act as a high surface area support for the catalyst. In order to explore the 
influence of this process, the use of alumina and the sol-gel technique as a method of 
preparing the washcoat to act as a catalyst support are explored. This method has many 
advantages over other techniques, in particular, its relatively high thermal resistance and 
its superior adhesion to the substrate. However, there is lack of data in the literature on 
the method and its application onto a catalyst support. Also, in many of the studies on 
catalyst coated monoliths reported in the literature, experiments have been prepared on 
samples of monolith prepared by a catalyst supplier. The method of coating has not
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been a factor that has been varied in these studies.
Intraphase diffusion
Since the appearance of the classical work of Thiele (1939), it has been recognised that 
intraphase mass transfer resistance in porous catalyst structures can affect the rate of 
reaction under certain circumstances. In a catalytic monolith, catalytic active sites are 
distributed throughout the porous support {e.g. ^-alumina). Pore diffusion has an 
important role in the global rate of reaction. This is known as intraphase diffusion 
resistance, and the importance of the diffusion effect is represented by the effectiveness 
factor {e.g. Levenspiel, 1972):
 ^ r  /Z7\_  reaction rate affected by intraphase diffusion
f f j T j @ C T l v S  J& C lO i *
reaction rate unaffected by intraphase diffusion 
For an isothermal catalyst layer, the magnitude of the effectiveness factor generally lies 
between zero and unity. Therefore, neglecting diffusional resistance can lead to an 
overestimation of the performance of the reactor.
In a monolith catalytic system, the mass transfer can be divided into two parts: external 
mass transfer from the bulk into the channel wall, and the internal mass transfer in the 
catalytic washcoat layer. The importance of the diffusional resistance of the catalytic 
layer has often been neglected due to its thinness {e.g. Hegedus, 1975; Lee & Aris, 
1977; Bennett et al., 1992). However, Zygourakis & Lee (1983) and Hayes & 
Kolaczkowski (1994) investigated the problem of reactions and diffusion in the catalytic 
washcoat of monolith reactors. Zygourakis & Lee (1983) demonstrated by numerical 
analysis that the thin catalytic washcoats of the commercial monoliths would present 
significant diffusional resistance even at moderately high temperatures. Hayes & 
Kolaczkowski (1994) reported that effectiveness factors for the oxidation of carbon 
monoxide at temperatures above 800 K were well below unity in a washcoat, which was 
10 pm thick at the centre of the channel and 150 pm thick at the comers. Because of 
the nature of the coating process, the thickness of the washcoat varied from the side to 
the comers in the monolith cells. In square monolith channels, the washcoat tends to 
accumulate on the comers, giving them a round appearance. Leung, et al. (1996) 
presented numerical solutions of diffusion/reaction in the washcoat of a catalytic 
monolith reactor for the CO oxidation and demonstrated that the rate of reaction may be 
strongly influenced by the diffusion limitation at temperatures at which such a reactor
3
can operate.
The mass transfer in porous catalyst is commonly described by an effective diffusivity 
(De). The theoretical prediction of effective diffusivity has been an important issue in 
heterogeneous catalysis for a number of decades and a lot of theoretical models (e.g. 
parallel pore model, random pore model) have been reported. However, depending on 
the model used, the predicted effective diffusivity could deviate from a measured value 
by up to a factor of two and in some cases, by several orders of magnitude (Haynes, 
1988). Thus, when selecting a theoretical model for a particular catalyst structure, it is 
important to perform some experimental measurements to check the validity of the 
model used. In the case of catalytic monoliths, diffusion in the catalyst washcoat is 
likely to be important, as effectiveness factors can become quite low (less than 0 .1) 
(Hayes & Kolaczkowski, 1994). Therefore, a correct De value is required to calculate a 
correct rate expression.
Aim of the study
Having introduced the interest in the use of gasoline as a liquid fuel in a catalytic 
combustor on a small gas turbine, the following three aspects were selected for further 
study in order to progress the understanding of the appropriateness of a particular model 
and to advance knowledge of the influence of the method of coating:
The investigation of the use of the sol-gel method to washcoat a monolith.
• The development of an experimental method to determine the effective diffusivity 
of a component in the washcoat of a monolith.
• The measurement of the diffusion of gasoline-based species in the washcoat on a 
monolith support.
Structure of the thesis
In Chapter 2, a brief review is provided to illustrate how catalytic combustion could be 
utilised in a gas turbine for transport applications. This includes a description of 
diffusion limitations, models for the prediction of effective diffusivity and measurement
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methods. In order to progress with the work, it was necessary to have samples of coated 
monolith. To be able to vary the properties of the washcoat, it was decided to prepare 
these samples in the laboratory using a sol-gel method.
In Chapter 3, the design of the experimental apparatus and the development of a 
procedure for the measurement of effective diffusivity in a coated monolith support are 
described. The method is based on the well-established Wicke and Kallenbach type of 
cell (e.g. Smith, 1956), but it had to be modified for experiments on a thin layer of 
catalyst support and to enable measurement to be made at elevated temperatures.
In Chapter 4, the preparation of the alumina washcoat by the sol-gel method is 
described and the methods used to characterise the samples are explained. The results 
of a number of key parameters that affect the properties of the alumina washcoat are 
also presented, e.g. change in pore structure as a result of calcination temperature, 
cracking, doping with zirconia, addition of active catalyst.
In Chapter 5, experimental results are presented and discussed. Diffusion 
measurements in both uncoated cordierite substrate and washcoated substrate are 
reported.
In Chapter 6, conclusions and recommendations for further works are provided.
A simplified diagram of the work done in this thesis and their relationship to the future 
work is presented in Figure 1.1 and the links between the events in this thesis are 







Work described in this thesis
• Introduction to catalytic combustion and intraphase diffusion
• Experimental measurement of effective diffusivity
• Sol-gel method
• Experimental set-up of Wicke-Kallenbach method
• Development of the method of mounting samples into diffusion cell
• Feasibility test of the method of both steady-state measurement and transient 
measurement
• Investigating the optimum operating conditions
• Preparation of washcoated specimen by the sol-gel method
• Washcoating on monolith support
• Washcoating on a plate
• Parameters influenced the physical properties of washcoat
• Use of different drying methods
• Use of doped zirconia
• Addition of catalysts (Pt) into the washcoat
• Measurement of effective diffusivity in uncoated cordierite substrate
• Effective diffusivity of C5-C8 paraffins
• Comparison with the models
• Measurement of effective diffusivity in the alumina washcoat
• Effect of concentration gradient on effective diffusivity
• Effect of alumina loading on effective diffusivity
• Effect of direction of flux in composite binary structure on effective diffusivity
• Effect of calcination temperature on effective diffusivity
• Multicomponent diffusion
Simplified structure of thesis.
Future work
• Investigation of the effect of adsorption on effective 
diffusivity - Sorption experiment using gravimetric 
methods
• Further investigation of multicomponent diffusion
M easurem ent o f effective diffusivity Preparation o f alum ina w ashcoat
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Figure 1.2. Schematic illustrating the link between events in this thesis
Chapter 2. Literature Review
Introduction
There are three main different types of applications where gas turbine technology could 
be used: (1) aircraft gas turbines, (2) stationary gas turbines and (3) ground-based 
transport (e.g. automobile) gas turbines. Gas turbines have been successfully exploited 
in aircraft and power generation industries, but their application in ground-based 
transport is still questionable although this has been studied since 1970. This is due to 
the complexity of operating conditions, particularly, transient conditions. The work in 
this thesis supports early development of a catalytic combustor for a gas turbine engine 
to power a small van.
2.1 Gas turbine engine for transport applications
In the automotive industry, the possibility of using a gas turbine as an alternative engine 
to the internal combustion engine has been considered. The reasons for seeking an 
alternative in the 1960s and 1970s were not to improve vehicle power and comfort, but 
the need to achieve lower exhaust emission levels and higher fuel economy took 
precedence as time went on (Sjoblom and Rehn, 1997). Although minimum emission 
levels remain the main priority to date, optimum fuel economy, comfort, driving 
performance and handling are still the prime considerations.
According to Sjoblom and Rehn (1997), a gas turbine can be manufactured at about the 
same cost as a piston engine and can be produced at the same volume. Although it 
contains a higher proportion of expensive materials, the gas turbine is relatively simple 
in its design with fewer parts.
An example of a gas turbine, which could be used to provide power in a car, through a 
conventional manual or automatic gearbox, employs two shafts, see Figure 2.1. This 
arrangement affords an excellent torque characteristic and enhances driving 
performance. However, since typical shaft speeds range from 50,000 to 100,000 rpm, 













Figure 2.1. Basic layout of automotive gas turbine engine (adapted from Hartley, 1978).
Instead of transferring the power directly to the wheels, Volvo has considered the use of 
a high-speed generator (HSG) and an efficient electric motor, see Figure 2.2.
V e h ic le  m an agen en t
unitDC/DC converter
Gas turbine / HSG
Inverter
Electric motorBatteries
Figure 2.2. Main components in a Volvo environment concept car (adapted from 
Sjoblom and Rehn, 1997).
A u t o m o t iv e  c a t a ly t ic  g a s  tu r b in e
In a conventional combustion process, the formation of oxides of nitrogen (NOx) is one 
of the major concerns. This could be reduced by a variety of methods {e.g. Gupta & 
Lilly, 1992; Dharmadhikari, 1989), for example:
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Adjusting fuel to air ratio.
• Decreasing residence time of gases in the combustor.
Modifying combustor configuration.
Applying staged combustion.
• Controlling the extent of combustion zone cooling by injection of water or steam. 
Exhaust gas clean-up.
However, these add to the cost and require complex control schemes. Increasing 
awareness of the problems caused by air pollution and the decrease in fossil fuel 
reserves, has resulted in great interest in combustion techniques that reduce pollutant 
emission levels from combustors, particularly, if an increase in combustion efficiency 
can be achieved.
The development of a catalytic combustor for an automobile has four primary 
objectives. Firstly, it has to attain levels of NOx emissions substantially below those 
possible in a conventional combustor, secondly, to bum a liquid fuel like gasoline that is 
readily available, thirdly, to sustain stable combustion over a wide range of low 
concentrations of fuel in air, and finally to reduce emissions of particulates.
In reviewing the literature, it is clear that a considerable amount of effort has been 
devoted to the development of catalytic combustors for large gas turbines for stationary 
power generation. Very little has been published on small turbines (50-200 kW) for 
transport applications. A review of research on catalytic combustions for stationary 
applications is available in the literature (e.g. Trimm, 1983; Touchton, 1983; 
Kolaczkowski, 1995; Dalla Betta, 1997; Beebe, 2000). Although many application 
studies of this concept to gas turbine combustors have been carried out since having 
been proposed by Pfefferle et al. (1987), its commercialisation has been hindered by the 
difficulty of designing a viable system to cope with varying power loads (Kolaczkowski,
1995).
As an example, Figure 2.3 illustrates the catalytic combustor concept that was presented 
in Kajita et al. (1990). A homogeneous diffusive type pre-combustion burner is used 
for the engine start-up and for preheating inlet air to about 450°C in the steady state 
operating mode. An air bypass valve at the back of the catalyst is used to achieve
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control of the catalytic combustor at various turbine loads. The operating temperature 
of catalytic combustion at the rated turbine load was set at 1200°C. The target 
durability was more than 8000h and 400 on-off cycles.
Air





c £ >  To turbine
a \ Bypass valve
Main fuel Combustion catalyst
Figure 2.3. Schematic construction of the catalytic combustor for a gas turbine (adapted 
from Kajita et al., 1990).
As an example of a possible control strategy, Figure 2.4 shows the basic control concept 
for the commercial catalytic combustor turbine reported in Kajita et al. (1990). 
Applicability of the concept was confirmed by another test measuring the response of 
the turbine speed and the catalyst outlet temperature to a stepwise change of the fuel 
control valve and the air bypass valve, respectively, at different turbine loads.
NoMac Energy Systems developed a gas turbine-driven generator as a range extender 
for a major automobile manufacturer's hybrid electric vehicle. The 24 kW continuous 
rating is sufficient to propel the automobile at the maximum legal speed in the United 
States (Mackay, 1992). There is no gearbox as the magnet generator is mounted on the 
gas turbine shaft and there is no lubrication system since the rotor group shaft runs on air 
bearings. The complete generator set weighs 36 kg and the price would be around 1000 
$US (in 1992) if supplied to a mass automobile market. Their catalytic combustor 
burned natural gas, and for a power output of 50 kW, consistently achieved emissions 
below 2.0ppm both for NOx and CO. The hydrocarbons were less than 0.1 v/v%. Using 
unleaded gasoline as a fuel, emissions will be less of a challenge than natural gas, as 
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Figure 2.4. Basic controls for catalytic combustor turbine (adapted from Kajita et a/., 1990).
2.2. Catalytic combustion
Catalytic combustion is a heterogeneous oxidation reaction that occurs on the surface of 
a catalyst. Using a suitable catalyst, the activation energy for the reaction is lowered 
compared to that for homogeneous non-catalytic reactions (105-210 kJ/mol —» 42- 84 
kJ/mol). (Prasad et al, 1984). Consequently, heterogeneous oxidation reaction rates 
can be achieved at temperatures and fuel concentrations much lower than those required 
for the typical flame combustion to proceed. As a result of this, catalytic combustors 
can sustain stable combustion at fuel concentrations much below those possible in 
conventional combustors.
2.2.1 Catalyst system
A catalyst system is generally composed of two components, the catalyst and the 
support system (substrate and washcoat). Choice of both components has a significant 
influence on the development of a successful catalytic combustor. To obtain optimal 
performance from the combustor, the catalyst system should possess the following 
properties (Prasad, 1984):
1. Low light-off temperature.
2. High catalytic activity at lowest levels of air preheat and the highest values of mass 
throughput.
3. The support should have a large geometrical surface area, low pressure drop, 
excellent thermal shock resistance and high working temperature.
4. Thermally stable washcoat.
5. It should maintain high activity after prolonged use at elevated temperatures.
The washcoat should also be highly resistant to attrition {e.g. Agrafiotis & Tsetsekou, 
2000).
2.2.2.1 Choice of catalyst
There is a vast amount of data in the literature on the performance of a wide variety of 
materials that exhibit catalytic activity. In this section, a brief review is provided to 
illustrate the type of materials considered and the link with the choice of support. 
Common approaches to choosing catalysts for complete oxidation have been 
summarised in the works of several Russian scientists {e.g. Boreskov, 1982).
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Typical combustion catalysts are based on precious metals (mainly Pt, Pd), transition 
metal oxides, and metal oxide composites, e.g. spinels (Guilhaume & Primet, 1994) and 
perovskites (Ciambelli et al., 1999). Platinum has received the most attention for 
catalytic combustion. This metal is not only extremely active for combustion of many 
fuel types, but it maintains much of its activity in the extreme high temperature regions 
used for catalytic combustion catalysts (DeLuca & Campbell, 1977). Moreover, 
platinum metal is advantageous over oxide catalysts for the following reasons: (a) high 
specific activity, (b) resistance to sulphur poisoning at temperature below 800K, (c) 
possibility of being supported in highly dispersed form on various supports, and (d) low 
content of the active component (0.1-0.5 wt%) (Prasad, 1984). However, problems in 
the operation of precious metal catalysts may arise (Kesselring, 1986). For example, 
growth of platinum crystallites, and at temperatures above about 1000K, a palladium 
oxide may start to decompose to metallic palladium that is less active.
Metal oxide catalysts have also been used in catalytic combustion even though their 
catalytic activities are generally known to be lower than precious metals. The main 
advantage of metal oxides over precious metal catalysts is the lower cost of the raw 
material. Furthermore, higher thermal stability can be achieved (Zwinkels et al., 1993). 
The order of catalytic activity of oxide catalyst for the oxidation of hydrocarbons and 
other organic substances coincides with only few exceptions (Boreskov, 1986):
C03O4 > MnC>2 > NiO > CuO > C02O3 > Fe2C>3 > ZnO > V2O3 > TiC>2 
> SC2O3.
2.2.2.2. Choice of the support
The high cost of precious metals encourages manufacturers to find means to use low 
precious metal loadings while simultaneously maintaining catalytic activity and 
durability. The research for improving catalyst performance and durability include the 
selection of supports with optimum porosity and surface area, and with particular 
attention to the location of the precious metal within the support.
Substrates
The substrates were usually fabricated from low surface area ceramics or metal alloys. 
Table 2.1 presents the widely used ceramic monolith substrates.
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a- and 7-Alumina AI2O3 8.5
Cordierite 2M g02Al203-5Si02 0.5-1
Cordierite-mullite 2Mg0.2Ab03-5Si02—  2A h03-2Si02
Magnesium aluminate-spinel MgO —  MgO- AI2O3 -
Mullite 3Ah03-Si02 5.0
Mullite-aluminum titanate 3Ah03-2Si02 —  AhCb-TiCh -
Silica SiCh -
Silicon carbide SiC -
Silicon nitride Si3N4 -
Spinel MgO-AhCb 8 .6
Titania T i0 2 -
Zeolites AI2O3 — SiCh -
Zirconia Z r02 11.4
Zirconia - spinel Zr0 2  — MgO-AI2O3 -
* Source: Komeya and Matsui (1994), Temperature range: 293- 1273 K
Washcoat
The low surface area of the monolith substrate can be increased by the application of a 
thin coat of metal oxide material, such as alumina. This washcoat adheres strongly to 
the ceramic support and provides a high surface area. The most commonly used 
washcoat material is 7 -alumina. Figure 2.5 shows the change in the alumina phase with 
temperature, y-Alumina is the most frequently used support as it has a very high surface 
area (ca 300 m2/g), compared to a-alumina which has a low surface area, ca 5 m2/g. 
When 7 -alumina is transformed to the a  phase, both the specific surface area and the 
pore volume decrease. Such morphological changes in a catalyst support are 
accompanied by a loss of catalytic activity due to encapsulation of the metal (e.g. Arai 
& Machida, 1996; Djuricic et al., 1997). This loss of activity is permanent, because the 





Figure 2.5. Phase transformations of alumina: (A) y-A^O^ + 3% Pt, (B) 7-AI2O3 + 0.1% 
Pt, and (C) 7 -AI2O3 (adapted from Trimm, 1980).
At temperatures above 900°C, the alumina undergoes a phase change to low surface 
area a-alumina (300 m2/g —» 5 m2/g). This results in pore closure and a burying of 
active catalysts in the alumina washcoat. The problem associated with phase change 
can be reduced by stabilising alumina washcoats with CeC>2 or CsC>2, or more thermally 
resistant washcoat such as ZrC>2 (Kesselring, 1986). These processes reduce the surface 
area, but it may not be necessary to maintain a high surface area in high temperature 
catalytic combustion (Prasad et al., 1984).
There are generally four methods to prepare monolithic catalysts (DeLuca & Campbell, 
1977):
(a) Catalyst incorporation during manufacturing of monolithic supports.
(b) Deposition of active material directly onto the monolithic support.
(c) Washcoating (i.e. laying down a high surface area coating) the monolith first and 
then depositing on this layer the active material.
(d) Depositing the washcoat and the active material at the same time.
Process (c) is the most widely used method. This procedure is frequently used with 
precious metals in order to locate them such that they are strongly anchored to the 
surface (Stiles, 1983).
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There are three major ways to produce a high surface area washcoat on a monolith 
substrate:
a) One can simply take fine powder of a high surface area metal oxide (e.g. 7 -AI2O3), 
make a slurry, and then dip the monolith.
b) A second method involves dipping the support into a salt solution (e.g. aluminium 
nitrate) containing the desired metal ions, and then heating the system to decompose 
the salt to form metal oxides.
c) The last method is the sol-gel method which involves contacting the support with 
the desired organic (e.g. aluminium alkoxides) or inorganic salt (e.g. aluminium 
chloride), and then contacting this system with a precipitating agent to produce a 
solid, for example, the hydroxide, which is subsequently heated to give the oxide 
form.
The requirements of a washcoat are that it be uniform, have a high surface area, be 
adherent to the monolith and have high thermal resistance. Operating temperatures are 
dependent on the operating temperature of the catalytic combustor. It was decided to 
adopt the sol-gel method of coating in this work and this will be described in more 
detail later in this chapter and Chapter 4.
2.2.2.3 Choice of fuel
The composition of gasoline is very complicated. If diffusion experiments were 
performed with gasoline, then they would be very difficult to interpret.
Figure 2.6 shows a schematic of the composition of gasoline. As can be seen, gasoline 
consists of C4 - C9 hydrocarbons, which can be categorised into three main groups, 
saturated hydrocarbons (paraffins), unsaturated hydrocarbons (naphthenes) and aromatic 
hydrocarbons. In general, the boiling range of gasoline lies between 60 and 200 °C, 
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Figure 2.6. Typical composition (wt %) of gasoline (adapted from Hirao & Petfrey, 1988).
2.3 Diffusion in catalytic reaction
Catalytic combustion is a heterogeneous catalytic reaction which requires the presence 
of two phases, a solid phase (catalyst system) and a gas phase (reactants). In 
heterogeneous systems, the rate of a chemical reaction may be affected by many 
variables. It is not only dependent on temperature, pressure and composition, but also 
on the rate of mass transfer. In addition, the rate of heat transfer may also become 
important. For example, considering an exothermic reaction taking place at the interior 
surface of a porous catalyst pellet if the heat generated by reaction is not removed fa£t 
enough, then a severe non-uniform temperature distribution can occur within the pellet. 
Therefore, heat and mass transfer effects become increasingly important, especially in a 
fast reaction, such as catalytic combustion.
To optimise the performance of the catalyst, the surface area of the catalyst per unit 
volume of support must be maximised. It is generally accepted that it is good to have a 
well-dispersed system. Large specific surface areas can be obtained by creating an 
extensive network of very small pores within the catalyst support. However, the 
resistance to mass transfer in a network of small pores can be appreciable. This is 
important because the reactant must be transported from the medium surrounding the 
catalyst support, through the porous structure to reach the active site at which the 
reaction is taking place. Understanding both the physical structures of catalyst supports 
and physical processes occurring within the catalyst is fundamental to determine the 
effect of pore size on the mass transfer rate and catalytic activity.
The porous structure of the catalyst enables a high internal surface area per unit reactor 
volume to be obtained. Due to the complex mechanisms involved in catalysts, both the 
structure and the internal surface area of the catalyst pores influence parameters, like 
catalytic activity, permeability, diffusivity, thermal conductivity, and mechanical 
strength. This becomes clear when considering that solid-catalysed reactions occur on 
the catalyst surface by means of adsorption and desorption processes and diffusion 
through the pores.
The activity of a catalyst cannot be satisfactorily characterised in terms of the specific 
surface area alone, because the texture of the structure is also important. To study the
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accessibility of the surface, the shape and the dimensions of the pores presented in the 
matrix need to be known.
The reaction process in heterogeneous catalysis can be separated into the following 
steps (e.g. de Boer, 1959), see Figure 2.7:
1. Transport of the reactants from the reaction mixture to the external surface of the 
catalyst particles.
2. Transport of the reactants from the external surface of the catalyst particle to the 
internal surface.
3. Adsorption of the reactants on the active centres of the catalyst.
4. Reaction between adsorbed reactants.
5. Desorption of the reaction products.
6 . Transport of the products from the internal surface of the catalyst to the external 
surface.
7. Transport of the products from the external surface of the catalyst to the reaction 
mixture.
Because the slowest step will determine the overall reaction rate, it is important to know 
which step is controlling the overall process. For example:
1. If the surface chemical reaction at the active catalyst site is controlling the process, 
the porosity of a catalyst becomes very important because the internal surface is 
generally larger than the external surface.
2. If the pore diffusion process is the controlling step, then reactions in the external 
layer at the surface of the catalyst are dominant and the porosity becomes less 






3. Adsorption of the reactants 
on the catalyst active sites
4. Reaction between adsorbed 
reactants
5. Desorption of the reaction 
products
6 . Intraphase diffusion
7. Interphase diffusion
Figure 2.7. A reaction process in monolithic catalysts (Reaction: A —> R).
Resistance to pore diffusion in a catalyst can be reduced by using a catalyst with a 
smaller particle size, thus shortening the diffusion path. Similarly, in a monolith system 
resistance to pore diffusion can be reduced by decreasing the thickness of the catalytic 
layer.
Diffusion in porous media of a component in a gaseous mixture can be described as 
consisting of:
1) Molecular diffusion.
2) Knudsen diffusion, if the pore size is smaller than the length of the mean free path 
of gas molecules.
3) Surface diffusion in a mobile adsorbed layer.
In porous catalysts, the transfer of reactants and products may be taking place by the 
combined contribution of the three diffusion schemes as shown in Figure 2.8. The 
surface diffusion contribution is regarded of little importance, provided that the reaction
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is taking place well above the boiling point of the reactants and the products. However, 
this can be important for components with high adsorption strength and can be 




Figure 2.8. Electric analogue circuit picturing the flux of the diffusing species in a 
porous solid (adapted from Mason and Malinauskas, 1983).
In many cases of diffusion in porous media, the diffusion type is intermediate between 
molecular diffusion and Knudsen diffusion. According to Youngquist (1970), this so- 
called “intermediate diffusion (or transition diffusion)” was first discussed by 
Bosanquet, who considered the process as a random walk in which the successive steps 
of individual molecules are determined either by collisions with other molecules or with 
the tube wall (Hewitt and Sharratt, 1963).
Surface diffusion
Surface diffusion implies movement of molecules over a surface and is considered as the 
most important mode of transport for many adsorbates. It cannot be significant unless 
appreciable adsorption occurs, yet if adsorbed molecules are held so strongly as to be 
essentially immobile, surface diffusion will be significant (Satterfield, 1970). The 
contribution of surface diffusion increases with lager and heavier molecules because 
these molecules are most easily condensed and adsorbed due to their higher density (Do, 
1998).
Ash et al. (1963) found that as the monolayer coverage is approached, then measure 
values of surface diffusion in the steady state increases rapidly. As the monolayer is 
exceeded, the diffusivity shows a minimum and then rises sharply again in the region of 
capillary condensation. The surface diffusivity generally shows a nonlinear relationship 
with surface loading and it can be divided into three regions: (a) a monolayer region, (b)
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a multilayer region and (c) a capillary condensation region as shown in Figure 2.9 (Do, 
1998).
A
Monolayer I Multilayer Capillary




Figure 2.9. Surface diffusivity as a function of loading (adapted from Do, 1998).
When less than a monolayer coverage exists in a system, the surface diffusivity increases 
rapidly with loading (Carman, 1956). It is caused by the heat of adsorption which varies 
over the adsorbent surfaces, and the surface diffusion which takes place by the most 
loosely bound molecules. At low coverage, adsorption occurs on high energy sites 
where the adsorbed molecules moves very slowly. When the monolayer coverage is 
exceeded, molecules can be adsorbed more onto lower energy sites and because of the 
loose bonding these molecules will diffuse faster than the molecule bound in the high 
energy sites.
Surface diffusion is greatly influenced by temperature as surface mobility is related to 
strength of adsorption. In general, the influence of surface diffusion becomes less 
important as the temperature increases. When temperature is increased, the amount 
adsorbed on the surface decreases faster than the increase in surface diffusivity.
An important point that should be noted is that if surface diffusion is significant, then if 
this is neglected, it may cause the theoretically predicted effective diffusivity to be 
smaller than the measured experimental value. This is because most of the existing
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models that predict effective diffusivity (as described in Section 2.3.1) do not take 
surface diffusion into account (Satterfield, 1970).
Diffusion that occurs in porous catalysts usually includes molecular diffusion and 
Knudsen diffusion. The usual criteria for Knudsen diffusion is that the mean free path 
of the gas molecules is larger than the pore diameter (rp < A). In the case of molecular 
diffusion, the mean free path is smaller than the pore size (rp »  A). Weisz (1973) 
introduced an additional diffusion term, called ‘configurational’ diffusion. This 
mechanism may be considered when the pore size is still larger than molecular 
dimensions (usually, collision diameter), but much smaller than the mean free path (rp ~ 
o) (Froment & Bischoff, 1990). The collision diameter and mean free path can be 
obtained from the kinetic theory (e.g. Kemp, 1979).
The flux in a porous structure, in respect to a concentration gradient may be represented 
by:
Na = - D , ^  (2 .1)
ax
where De is the effective diffusivity.
The molecular diffusion coefficient, DAb, can be estimated by the theoretical equation 
based on the kinetic theory and Lenard-Jones expression for binary gas mixtures. This 
is (e.g. Reid et al., 1986):
0.00266r3'2
AB ~ PM II2g 2 Q.r l V 1 A B U A B **D  (2 .2)
where MAB =  2[(1/MA) +  ( 1 / M b ) ] ' 1 
T = temperature, K 
P = pressure, bar 
O a b  = characteristic length, A
Qd = diffusion collision integral, dimensionless.
If pores are small and the gas has a lower density, collision will occur frequently
between gas molecules and pore wall, rather than between molecules. This type of
transport is referred to as Knudsen diffusion. Knudsen showed that the diffusion flux is 




The Knudsen diffusivity, DKA, {e.g. Smith, 1981):
(2.4)
Porous substances can be classified into three sub-groups, macroporous, mesoporous 
and microporous substances. The classification officially adopted by International 
Union of Pure and Applied Chemistry (IUPAC) is summarised in Table 2.2.
Table 2.2. Classification of pores according to their widths (Gregg & Sing, 1982).
Real catalysts do not have a single size pore, but consist of a variety of different pore 
sizes. It is sometimes necessary to know the pore size distribution which can be 
represented, e.g., by a histogram. The pore size distribution can be determined by two 
methods:
(a) Mercury porosimetry for macropores.
o
(b) Low temperature nitrogen adsorption for micro- and mesopores (< 500 A).
In general, the mean value of the radius of the pores is used to describe a catalyst, which 
can be obtained by dividing the pore volume by the surface area using the assumption 
that the pores are interconnected cylindrical capillaries which have some effective 
radius. It should be noted that neither method provides information regarding the shape 
or length of the pores.
Pores can be categorised by two groups, 'through' pores and ‘dead-end’ pores, according 
to their accessibility. Pore spaces having at least one passage to the exterior are called 
'through' pores and those with only one passage are known as 'dead-end' pores (or 'ink- 
bottle' pores) (McBain, 1935). The pores are sometimes interconnected with others. In 
electric conduction or in simple diffusion of non-reaction gases the 'through' pores are 





< 20 A (2 nm)
20 A - 500 A (2 - 50 nm) 
> 500 A (50 nm)_____
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inward diffusion of reactant(s) and outward diffusion of product(s). In the second case, 
knowledge of the relative proportion of 'dead-end' and 'through' pores is necessary in 
order to obtain a full understanding of the catalytic performance in porous media. 
Simple structural models for solids, based on cylindrical-shaped capillaries have been 
used in many studies (e.g. Johnson and Stewart, 1965). Other shapes of capillaries are 
discussed by Barrer (1953) who examined the influence of pore shape on the form of 
the sorption isotherms.
The composition of a gas in pores can be represented by a smooth function of its 
position in the medium. However, it may not be necessarily so in the real system. In a 
reactive catalyst with non-branching pores, the composition at any point in a pore is 
determined by the location of the point along the axis of the pore, rather than by its 
position relative to the axis in the pellet. The relation between these two is influenced 
by the shape of the pore (Jackson, 1977). In Figure 2.10, points A and B are close 
together in space, but the composition at these points is very different. Because a lies in 
the entrance of the pore, the composition is reactant-rich, while B, in the middle of the 
pore, has a composition that is richer in reaction products and leaner in reactant.
Petersen (1958) introduced a labyrinth factor, tortuosity, to account for the length of the 
pores. For the diffusion of gases in porous catalysts, it is common to define a tortuosity, 
T, for a pore of radius, r, by the expression presented in Equation 2.5 (Satterfield, 1970).
Figure 2.10. Porous pellet not described by smooth composition fields (adapted from 
Jackson, 1977)






where — = —L_+ _ L  (2.6)
D j  D  AB D k
Here, DT is transition diffusion coefficient, e is the void fraction in the porous media, 
and % is a tortuosity factor. Tortuosity factor is often a parameter to describe the pore 
structure of a catalyst. Therefore, the accurate estimation of this value is essential in 
fundamental design of catalytic reactors using sophisticated models (e.g. Froment and 
Hoffman, 1986). The tortuosity factor accounts for the fact that the actual diffusion 
path between two points within a porous medium is generally greater than the distance 
between the points. The tortuosity of actual catalysts is generally larger than unity, so 
the actual diffusion path is longer than the distance in the direction of net flow. Sharma 
et al. (1991) measured the effective diffusivity of 13 commercial catalysts and supports 
under nonreacting conditions and reported that the tortuosity factors are between 1 and 
6  and they vary strongly with the particle porosity.
2.3.1 Models for predicting diffusion rates in porous solids
The important role of diffusion in catalysis has promoted the search for a reliable model 
for predicting effective diffusivities in porous catalysts.
Many different models have been reported over the last few decades, see Figure 2.11. 
They can be categorised in three groups: 1) models based on total porosity, 2) models 
based on the pore size, and 3) network models. In the following sections, these will be 
briefly described and the more commonly used models will be described in more detail.





Weiszand Schwarz model 
(1962)
Capillary models
Parallel pore model 
(Johnson and Stewart, 1965)
Foster and Butt model 
(1966)
Feng and Stewart 
Model (1973)
Random pore models
Child and Collis-George 
model (1950)




Dusty gas model 
(Mason and Evans, 1969)
Monte Carlo simulation 
(Evans et al. (1980)
Figure 2.11. Classification of models for predicting effective diffusivity.
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2.3.1.1 Models based on total porosity
The simplest models for predicting effective diffusivities in porous media are based on 
total porosity. These models are only applicable to porous materials consisting of pores 
with a single size. If the porous medium contains a broad distribution of pore sizes, the 
applicability of these models is questionable. An early attempt at characterising the 
pore structure of catalysts was made by Wheeler (1951). Later, Weisz and Schwartz 
(1962) suggested a three-dimensional model to give improved predictions.
2.3.1.2 Models based on the pore size distribution
Since the models based only on total porosity are not applicable to porous solids 
containing pores of many different radii, a considerable amount of effort has been 
directed toward incorporating the pore size distribution into an effective diffusivity 
model. The widely used models are:
• Wakao and Smith model -  this is based on a bi-disperse pore structure (Wakao and 
Smith, 1962).
• Johnson and Stewart’s model (Johnson and Stewart, 1965) -  this is based on a 
mono-disperse parallel pore structure.
• Foster and Butt’s model -  this is based on convergent and divergent parallel pore 
arrays (Foster and Butt, 1966)
• Feng and Stewart’s model developed from the earlier work by Johnson and Stewart 
(Feng and Stewart, 1973).
(a) Parallel pore model
An equation for describing the transfer rate of gas through a porous solid catalyst is 
presented in Evans et al  (1961).
N a - ~ D ab- A + y A-(NA+ N B)
ax (2.7)
If Equation (2.7) is integrated at constant pressure, then the diffusion flux of gas, A, 
through a porous pellet of length, L, represents as:
N a = DAB<e • • In L ^ L  (2.8)




Johnson and Stewart (1965) reported a model for predicting the rate of diffusion in a 
binary mixture trough a porous solid at constant temperature and pressure. In the 
development, the following expression for the diffusion flux of species A through 
porous media is obtained:
with Dab calculated from Equation (2.2)and Dka calculated from Equation (2.4). The 
geometric constant (x) (or the reciprocal of tortuosity factor, 1/ t)  would have the value 
of 1/3 for isotropic pore systems by assuming that pores are straight and nonconnecting, 
with no dead volume (Johnson & Stewart, 1965).
The integration of Equation (2.11) with respect to pore radius, r, can be completed 
either numerically or graphically as there is a distribution in the size of pores. The 
integral can be evaluated directly with the following equation:
Expressing the total diffusion flux through the pellet in the terms of an effective 
diffusivity as
N a = - D , ^  (2 .1 2 )
a x
and combining Equation (2.10) with Equation (2.1) gives:
(2 .10)
D ab  D ka
(2 . 11)
where Vg is pore volume, cm /g
pp is the apparent density, g/cm3
(2.13)
D ab D ka
The term can be neglected with respect to unity, so Equation (2.13) can be:




Taking the value of K  as 1/3 and using the macropore sixe distribution curves for porous 
solid, the effective diffusivity of species can be predicted by numerical integration of 
Equation (2.14).
(b) Random pore models (Wakao and Smith’s model)
A random pore model was suggested by Wakao and Smith (1962). Many porous 
materials are produced by compressing powder particles which are themselves porous, 
so the resulting materials may basically have two different size of pore structure, 
micropores (pores within each powder particle) and macropores (spaces between the 
powder particles). This combination of both micropores and macropores leads to a 
bidisperse pore structure as shown in Figure 2.12 and diffusion through the porous solid 
could occur by three parallel paths:
1. Through the macropores of average radius, ra.
2. Through the micropores of average radius, r,.




Figure 2.12. Random pore model for bidisperse solids (adapted from Wakao and Smith, 
1968)
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The flux is the sum of three contributions due to probability of lining-up macropores 
with macropores, macropores with micropores, and micropores with micropores. For 
diffusion at constant pressures, the flux for diffusion at constant pressure can be 
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Pure gases, A and B, are exposed over the two boundaries {e.g. x = 0, x= L). Using this 
condition, the working equation for calculating effective diffusivity from this model can 
be obtained:
c  ln[l/(l-oQ] f l + P AB/ P AKa ) e fa  | 4e0 ( l - e J
® A B  a  +  ^ A B  !  ^ A K a \   ^ 01 + ^ A B  ^  AKi 1 + [(1" )2 J
*AB________
2 DA/a(l + e ? ) / ( l - e a)2
where a= \ - { MB / M A)v2.
(c) Forster and Butt’s model
Forster and Butt (1966) proposed a more complicated model for the prediction of 
diffusion fluxes in porous solids. In comparison with the parallel model (which assumed 
that the pores consist of smooth capillaries), this model proposed that the entire pore 
volume be represented by two conical ducts shown in Figure 2.13, centrally convergent 
ducts and centrally divergent ducts. The exact shape of these ducts is obtained from the 
pore size distribution of the solids by assigning the pore volume corresponding to a 
given pore radius to capillary segments of that radius in the two ducts. For a given gas
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composition at opposite ends of a solid sample, the diffusion flux can be calculated by 
an interactive procedure. Using estimation for the flux, the capillary equation 
describing the diffusion flux in the transient region is given by:
- D AB^  + {NA + N B)yA
N a = ---------^ n --------------- (2.13)
1 + ^ -  
D k a
This can be rearranged to give the change in composition across each capillary segment. 
For theyth segment, this can be described as:
y Aj+1 — +  ■
D






Starting at one end, Equation (2.18) is applied consecutively to each capillary segment. 
Mixing between the two ducts can be allowed at various points and the extent to which 
it is allowed provides an adjustable parameter for data correlation. The calculations are 
carried out through the total length of the ducts, and correctness of the assumed flux is 
determined by comparing the calculated and given end compositions.
C O N V E R G IN G  D U C T
D IV E R G IN G  D U C T
Figure 2.13. Converging-diverging pore model (adapted from Foster and Butt, 1966).
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2.3.1.3 Network models
A formula for the mass transfer in porous media can be obtained simply from 
momentum transfer considerations. These are introduced in terms of motion of gas 
mixtures given by Maxwell and Stefan and also in Knudsen’s work on the flow of a 
rarefied gas through a capillary. Their approaches are, however, based on assumptions 
which cannot be entirely justified within the framework of the argument (e.g. pore 
structure), so they may be only regarded as a means of developing physical concepts for 
the underlying phenomena (Mason & Malinauskas, 1983). Frequently, tortuosity factor 
which measures the increases in diffusion path length imposed by the presence of solid 
obstacles, becomes adjustable parameters that compensate for inadequacies in 
evaluating the mass transfer in porous media (e.g. Reyes and Iglesia, 1991).
Evans et al. (1980) attempted to provide correlation for predicting gaseous diffusivities 
without the need for tortuosity factor or similar parameters. A Monte Carlo simulation 
of the diffusion of gas molecules within various porous solids was carried out to obtain 
values of pore diffusivity. A Monte Carlo method is any procedure that involves the use 
of statistical sampling techniques to approximate the solution of a mathematical and 
physical problem (Brown, 1956). Therefore, two tasks were involved in the simulation: 
the numerical representation of a porous solid with the computer, and the calculation of 
molecular trajectories within the solids. However, the simulation did not include entire 
diffusion regimes, but is confined to the Knudsen diffusion regimes.
2.3.1.4 Dusty gas model
It is assumed that the diffusion in porous solids illustrates the flow of gas in the 
aggregate of small particles. Based on this, Maxwell suggested as early as 1860 a 
model for gas flow and diffusion in porous media. In this model the porous medium is 
visualised as a random collection of large particles fixed in space (‘dust’). This work 
was however ignored for many years until it was introduced in 1957 by Deriagin and 
Bakanov, who proposed to treat the particles of a porous medium as giant molecules 
using Chapman-Enskog’s theory. The complete model was independently re-invented 
by Evans et al. (1961), who avoided the complicated mathematics and used the model 
only to determine the flux equations. By formal variation of the mole fraction of the 
dust particles, the whole pressure range from the free-molecule to the continuum region
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could be covered. In this form, the model has been applied to a variety of diffusion and 
flow problems (Mason et al., 1967).
The one-dimensional equation for the flux of species A in a binary system through a 
porous medium by Evans et al. (1961), can be described as:
N A ° =    n ---------------- (2.15)
1 + J iu L
D ka
by assuming that there is no convective flow resulting from pressure gradients and no 
surface flow or surface diffusion.
A diffusion model based on dusty-gas theory requires knowledge of the volume fraction 
of solids or particle size distribution. However, this would be of little value at the 
present since the physical properties of porous media are practically determined by 
analysis of pore volume through use of capillary-surface tension, for example, mercury 
porosimetry. Scheidegger (1957) has pointed out that there is no unique relationship 
between the distribution of pore sizes and the distribution of particle sizes.
2.3.2 Intraphase diffusion in combustion reaction
The catalyst used in catalytic combustion is often contained within a washcoat. If the 
rate of pore diffusion is slow compared to the intrinsic reaction, the reaction becomes 
diffusion limited with effectiveness factors different from unity. Recent papers {e.g. 
Leung et al., 1996, Hayes & Kolaczkowski, 1994) have demonstrated that reactor 
configurations employed may be operated in the region of significant diffusion 
limitation. To quantify the extent of diffusion limitation and calculate reliable values of 
effectiveness factors, it is necessary to obtain accurate values of effective diffusivity for 
the species of interest (Hayes et al., 2000). Most of the investigators who have 
modelled diffusion in washcoats have assumed a value, or have estimated a value with 
one of the established models. Some examples of modelling studies in which intraphase 
diffusion in a washcoat has been considered are listed in Table 2.3. As can be seen, the 
random pore model of Wakao and Smith (1968) has been often used.
34
Table 2.3. Modelling of catalytic monoliths - Examples of model selected for effective diffusivity, De.
Author Catalytic monolith & reaction studied Estimation for De Is there any evidence that the 
choice of model for De was 
validated with experimental 
data?
Oh & Cavendish 
(1983)
Catalyst: Pt on washcoated monolith. 
Reaction: Oxidation of CO, C3H6, and H2.
Random pore model of Wakao-Smith model.
De values were assumed to increase the 1.4 
power of temperature.
No
Zygourakis & Aris 
(1983)
Catalyst: catalytic washcoat on ceramic monolith. 
Reaction: Oxidation of hydrocarbon and CO.
Random pore mode of Wakao-Smith model. No
Svatular et al. (1993) Catalyst: honeycomb commercial-type SCR catalysts 
(<2 wt% V20 5).
Reaction: reduction of NOx by NH3
Wakao-Smith model. No
Tronconi et al. (1994) Catalyst: V20 5-W 03/T i0 2 on a monolith. 
Reaction: NO reduction and S 0 2 oxidation.
Wakao-Smith model. No
Kyriacopoulou et al. 
(1994)
Catalyst Pt-Rh/y-alumina on a cordierite monolith. 
Reaction: NO reduction by CO.
Knudsen diffusion. No
Nakhjavan et al. 
(1995)
Catalyst: modified alumina with Pt or Pd on a monolith. 
Reaction: combustion of fuel.
Factorial design for effective diffusivity with 
the value of between 0.1 cm2/s and 0.01 cm2/s 
for the + level and the - level, respectively.
No
Table 2.3. Modelling of catalytic monoliths (continued ...)
Author Catalytic monolith & reaction studied Estimation for De Is there any evidence that the 
choice of model for De was 
validated with experimental 
data?
Hayes et al.( 1995) Ceramic tube (Alumina-silicate) coated on the inside wall 
with a platinum catalyst washcoat.
Reaction: CO oxidation.
Wakao-Smith model. No
Kolaczkowski et al. 
(1996)
Catalyst Pd/ y-alumina on monolith. 
Reaction: Oxidation of methane.
Mean transport model of Fott & Petrini (1982). No
Holmgren & 
Andersson (1998)
Catalyst: lwt% Pt/y-alumina on cordierite monolith. 
Reaction: CO oxidation.
Random pore mode of Wakao-Smith model. No
2.4 M easurements of effective diffusivity
A large number of techniques have been employed to measure the effective diffusivity 
of porous structures. The classical physical methods have been reviewed by Haynes 
(1988), who categorised them into two major groups: steady state and unsteady-state (or 
transient) methods.
In the discussion that follows, these methods and their potential applicability to a 
catalytic monolith will be considered.
2.4.1 Steady state methods
2.4.1.1 Wicke-Kallenbach experiment
Since Wicke and Kallenbach (1941) introduced a steady-state counter-diffusion method 
to measure the effective diffusivity of CO2 in the porous catalyst, the method has been 
widely used for the measurement of effective diffusivity in catalyst pellets. Figure 2.14 
presents an experimental set-up, which may be used for steady state measurements on 
single pellets. The diffusion cell has one or more cylindrical sample pellets and both 
end-faces are exposed to streams which differ in composition. Pressures are equalised 
across the pellet so that mass transfer is achieved by diffusion resulting from the 
concentration gradient. Flow rate and composition are measured on each side of a 
diffusion cell. In the binary gas system, a thermal conductivity detector (TCD) is 
usually used for continuous monitoring of compositions.
The most important component of the Wicke-Kallenbach apparatus is the diffusion cell. 
To ensure that the flux across the pellet occurs only a result of the concentration 
difference and not the pressure gradient, any pressure differences between the two sides 
of the cell should be eliminated. The pressure difference is monitored by a sensitive 
differential pressure transducer. Stagnant layers and boundary layer resistance in series 
with the pellet resistance must also be eliminated. To achieve this, the gases are fed 
tangentially across the faces of the pellet at a high flow rate, or alternatively, mixed 









Figure 2.14. The schematic diagram of Wicke-Kallenbach measurement (adapted from 
Smith, 1982).
Although valuable information can be gathered from a specially formed model catalyst 
pellet, the results can be very different for an industrial catalyst. Therefore, it is 
necessary to develop a way of mounting industrial catalyst into the diffusion cell. Also 
as catalytic reactions generally take place at elevated temperatures, the measurements 
need to be made at similar conditions. However, there are temperature limitations to the 
method, mainly, because of the problem of sealing the pellet in the cell. A number of 
researchers (e.g. Al-Rqobar, 1981; Paravar & Hayhurst, 1984; Yang & Liu, 1982) have 
attempted to measure diffusion at high temperatures. Al-Rqobar (1981) used a polymer 
called Silastomer provided by Dow Corning, Co., to cast it around pellet. Yang & Liu 
(1982) used an electroplating technique to deposit metal on a graphite pellet. Paravar 
and Hayhurst (1984) determined the unidirectional diffusion coefficient for i- and n- 
butane in a single large crystal. The crystal used was 0.3x0.14x0.12 mm and embedded 
length-wise in epoxy to fabricate a membrane.
However, one major limitation of the steady state technique is that it has often been 
criticised for a lack of inclusion of the effect of dead-end pores.
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2.4.2 Unsteady-state methods
The steady state method has been used extensively, and it is possible to detect dead end 
pores, which could contribute to the chemical reaction. A variety of transient 
techniques have been developed, such as:
(a) Continuous adsorber (e.g. Frost, 1981; Kelly & Fuller, 1980).
(b) The transient uptake in a single particle (e.g. Ruthven & Louglin, 1971; Ma & Ho, 
1974; Do, 1983).
(c) The batch adsorber (e.g. Ma & Lee, 1976; Rice, 1982).
(d) The chromatographic methods (e.g. Haynes & Sarma, 1973; Hashimoto & Smith, 
1973; Shah & Ruthven, 1977).
However, all of the techniques have the same disadvantage, i.e. the response used to 
measure the effective diffusivity is dependent on many different factors, such as 
residence time, amounts of solids in the reservoir, external mass transfer resistance, 
axial dispersion, non-uniform flowrate in the packed column, etc.
The advantages of unsteady-state techniques over the steady-state method can be 
summarised as follows. Firstly, the unsteady-state methods will detect diffusion in 
dead-end pores, and hence the effective diffusion coefficient obtained is known to 
reflect that in a reaction system more closely than those obtained in steady-state 
methods. Secondly, unsteady-state methods are suitable to measure effective 
diffusivities in bi-disperse structured catalysts. However, the time scale in the unsteady 
state method is often small so that determination of the effective diffusivity is difficult 
or even impossible, and requires complicated test methods and procedures to interpret 
the data.
2.4.2.1 Transient Wicke-Kallenbach method
The Wicke-Kallenbach (W-K) diffusion cell can be operated in transient mode, and this 
technique was developed by Smith and co-workers (e.g. Hashimoto & Smith, 1973, 
Dogu & Smith, 1975). The response for species was asserted to be only a function of 
the effective diffusivity of the porous solid and it was analysed with the moment 
technique. Examples of papers describing the use of the transient W-K method are 
listed in Appendix 2. It is interesting to compare the experimental conditions in each 
study, particularly, the size of the solid pellet. The design of the experimental apparatus 
may limit the amount of useful information which may be obtained from a pulse test,
39
irrespective of the method of analysis used. Dead volume in the apparatus may have a 
significant effect on the accuracy of the results.
The moment analysis may introduce serious errors in analysing diffusion data. The 
second moment of the response, which is sensitive to micropore diffusivity, is relatively 
inaccurate due to tailing of the experimental data. Time domain has been shown to be 
more accurate. However, most of the transient data obtained in the Wicke-Kallenbach 
type of diffusion cell has been analysed by using the moment technique because of the 
mathematical and/or numerical intractability (unruliness) of the diffusion cell in the 
time domain. There are a few exceptions, which take advantage of time domain fitting 
for the evaluation of effective diffusivity from transient diffusion measurements {e.g. 
Wakao & Kaguei, 1982; Do & Smith, 1984).
A number of workers {e.g. Clements, 1969; Curl and McMillan, 1966) have pointed out 
the practical disadvantages of the moment analysis of pulse experiments. Clements 
(1969) has shown that curve fitting of the single parameter axial dispersion model to 
Fourier transformed pulse data leads to a lower root mean square error than those 
obtained using parameters from moment analysis.
Al-Rqobar et al. (1988) used a time domain method using convolution integral and 
Fourier series (Wakao and Kaguei, 1982), to measure the effective diffusivity from a 
pulse response in a transient Wicke-Kallenbach diffusion cell. They proposed a 
combined moment technique and time domain fitting to improve the estimation of 
diffusion parameters.
2.4.2.2 Sorption rate experiments (or gravimetric method)
Adsorption experiments are suitable for the measurement of effective diffusivity in 
powder and granule materials. These experiments can be devised to be at constant 
volume and/or at constant pressure (Haynes, 1988).
By using a small sample of adsorbent exposed to a gas stream of constant composition 
in a flow system, the constant pressure technique has been used by Kondis and Drannoff 
(1971) to study sorption kinetics by measuring the weight gained or lost as a function of 
time. They used the single particle technique rather than the more traditional fixed bed
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technique because of its greater sensitivity, both in the accumulation of experimental 
data and the differentiation of mathematical models.
Figure 2.15 shows a diagram of typical apparatus for sorption rate measurements. An 
important feature in this apparatus is the need for a highly sensitive microbalance. This 
consists of a small sample holder connected to a fine calibrated spring, in which motion 
is measured by an electric transducer and recorded continuously. The sample holder is 
contained within a Pyrex vessel of a sample tube through which gas is circulated. The 










Figure 2.15. Schematic diagram of equipment for sorption rate measurements (adapted 
from Ruckensten et al., 1971).
The usual pattern followed in such experiments is to regenerate a given adsorbent 
sample and then follow with an adsorption-desorption cycle, with continuous 
monitoring of the sample weight (which is indicated by the deflection of the spring on 
the microbalance). When thermal equilibrium is reached through the regeneration 
operation, an adsorption run is initiated by replacing the inert gas stream (usually, 
helium) with a predetermined mixture of helium and a target gas. The feed is 
maintained until the sample is saturated which is indicated by a constant weight. 
Desorption is then carried out by changing the feed gas to pure helium gas until the 
weight of the sample has returned to its initial value. A graph of the fraction of the 
target gas adsorbed and desorbed as a function of time is then constructed directly from
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points on the recorded spring deflection-time trace. It is followed by a correction, 
which is made for the effects of buoyancy and drag by the gas stream flowing in the 
holder. Equilibrium loading data can be extracted directly from the final sample weight 
during adsorption.
The sorption uptake can also be measured volumetrically using a gas burette 
arrangement (Nelson & Walker, 1961). In principle, the procedure consists of charging 
the sample under investigation up to some fixed pressure (in excess of atmospheric), 
and then measuring the unsteady-state release of gas after a sudden reduction of the 
pressure to atmospheric.
2.4.2.3 Time lag experiments
To investigate porosity, tortuosity factor, mean capillary radius or the internal area of 
porous media, the time-lag method has been introduced by Barrer (1953). By applying 
Henry’s law, this method can be extended to study adsorption and surface diffusion of 
adsorbed gases. The diffusion cell designed by Barrer and Barrie (1952) is shown in 
Figure 2.16. One side of the pellet is first evacuated and then the pressure increase 
downstream is observed over a certain time period while the upstream pressure is held 
constant. The change in pressure drop across the pellet during the course of the 
experiment is held to an insignificantly small value. There is a time lag before a steady 
state flux develops, so effective diffusion coefficients can then be calculated from either 
the unsteady-state or the steady-state data. Under unsteady-state conditions, correct 
analysis must allow for accumulation or depletion of material by adsorption, even if 
surface diffusion is insignificant.
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Figure 2.16. Schematic of a diffusion cell (adapted from Barrer & Barrie, 1952).
When measuring the flow rate of a gas through a thin slab of material (or membrane) in 
which the gas dissolves, there will be a time lag from the moment which the gas comes 
in contact with the slab until it emerges at a constant rate at the other side. It is possible 
to measure the diffusion coefficient in the porous catalysts by analysing stationary and 
unsteady-state flows. Barrer and Grove (1952) introduced an effective diffusivity 
calculated from the time lag observed in a plot of cumulative flow-through versus time. 
The surface area, which was determined by the time-lag method, is larger compared to 
the steady-state method (Barrer & Grove, 1952). During the time lag period (i.e. before 
the steady state is established), the penetration of gas involves every part of the surface 
and pore structure of the medium. In the steady state, dead-end pores contribute little to 
the rate of flow, so the surface area derived from steady state data can be negligible. 
The time lag method provides a good measure of the total surface area and of the 
average pore radius (Barrer & Grove, 1952). Explicit expressions for the time lag can 
be derived from Firsch’s (1957) work, which can also be applied to systems with a 
concentration dependent diffusion coefficient without explicitly solving the diffusion 
equation.
2.4.2.4 Chromatographic experiments
A carrier gas (usually helium) is passed continuously though a chromatographic column 
packed with catalysts. A pulse of the diffusing component is injected into the inlet 
system and the effluent is measured by a detector and recorder. The concentration pulse 
of the injected gas is of a square form; thus, the time of injection can be calculated from
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the known volume of the sampling loop and the flow rate of the carrier gas. Most of the 
parameters including partition coefficient, adsorption rate constant, interphase mass 
transfer coefficient can be obtained in theory, but in practice experimental conditions 
need to be adjusted for each target parameter. The sampling valve, the column outlet 
and the thermal conductivity detector inlet need to be connected in such a manner as to 
minimise dead volumes, but even in a carefully designed system, dead volume 
correction is usually required.
The calculation of the aforementioned parameters is generally completed by analysing 
the moment of the chromatogram (Kucera, 1965; Schanel & Schneider, 1971). It can be 
also achieved by comparing theoretically obtained curves and experimental curves. The 
curve fitting is to be time domain (Boersma-Klein & Moulijn, 1979) or obtained by 
Laplace transform or Fourier analysis {e.g. Ramachandran & Smitz, 1978; Gangwal, et 
al., 1971). Figure 2.17 shows an example of the gas chromatography apparatus for 
measuring effective diffusivity (Hsu & Haynes, 1981).
This method has advantages as the experimental set-up is relatively simple and it is 
possible to perform experiments at high temperatures. However, if a catalytic monolith 
was to be used, then the mass of washcoat per unit volume of the bed may be too small 
to affect the measured output. Also, it would be difficult to coat and quantify the 
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BPR : Back pressure regulator
PG : Pressure gauge
NV : Needle valve
SV : Sampling valve
R : Rotameter
C : Carrier gas
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Figure 2.17. Pulse gas chromatography apparatus (adapted from Hsu & Haynes Jr., 
1981).
2.4.3 Experimental measurements relevant to monolith catalyst
Unfortunately, there are very few studies in the literature that describe work on catalytic
monoliths. Table 2.4 lists examples of experimental measurement of effective 
diffusivity in catalytic monoliths. The work by Beeckman (1991) is interesting as an 
actual sample of monolith is used and the construction of the diffusion cell resembles 
the well-known Wicke and Kallenbach cell (1941). The monolith had catalytic material 
incorporated into the structure of the monolith, and the catalyst was used for the 
selective catalytic reaction (SCR) of oxides of nitrogen. The incorporation of an actual 
monolith into the structure of a diffusion cell has attracted other researchers, e.g. Li 
(1997) and Roduit et al. (1998). This is because the technique has an advantage that the 
structure of monolith remains undisturbed so that the characteristics of the monolith are 
unchanged. Whereas, in the technique reported in Santos et al. (1996), (who also 
studied an SCR catalyst), they used particle of an SCR catalyst that they packed into a 
column (4.36 m in length; 0.0107 m in internal diameter) and then they used the 
chromatographic technique.
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Table 2.4. Experimental measurement of De - Examples of measurements relevant to this thesis.
A uthor D escription of system and M aterials 
studied
M easurem ent m ethod and components Comments
Beeckman
(1991)
The catalyst is used to reduce NOx from 
exhaust emissions and is an integral part of 
the monolith wall.
It is not a coated system.
Cell dimensions: 6  mm in diameter.
Steady state method.
Modified form of Wick-Kallenbach type of cell. 
Counter current flow in a single channel cut from 
a monolith.
Component: NO/N2.
Experiments performed at room temperature.
Equimolar counter diffusion was assumed.
When compared with theoretical values calculated using 
random pore model by Wakao & Smith (1962) model the 
match was within ± 1 0 %.
Tortuosity is close to 2.
Santos et 
al. (1996)
The catalyst is employed as SCR for NOx 
and is a Y 2 0 5 +W 0 3 +Ti0 2  with an 
agglomerating agents based on a magnesium 
silicate (sepiolite).
Chromatography method.
The catalyst pellets were packed in a copper 
column (4.36m in length and 0.0107 m ID).
Component: Ar, 0 2, N2 /He.
Operating temperature: 298-473 K.
Tortuosity values (2.62 - 3.61) obtained were larger than 
those obtained by Beeckman (1991).
Li (1997) The catalyst is used to oxidise methane for 
catalytic combustor and consists of a 
washcoat of y-alumina on cordierite 
monolith.
Cell type and dimension: hexagonal, 2.4 mm 
ID, thickness of support: 0.4 mm and 
thickness of washcoat 0 . 1  mm.
Steady state method.
Modified form of Beeckman's method.
Co-current flow in 7 channels cut from a 
monolith.
Component: CH4 /N 2
Experiments performed at room temperature.
Equimolar counter diffusion.
Experimental values of De for cordierite support and the 
washcoat were 3.1 and 6.9 time smaller that the values 
predicted by Wakao-Smith model, respectively.
The tortuosity factors were 8.5 and 8.1 for the support 
and the washcoat respectively.
Table 2.4. Experimental measurement (continued ).
Author Description of system and Materials 
studied
Measurement method and components Comments
Roduit et 
al. (1998)
The catalyst is for selective catalytic 
reduction (SCR) reaction of NO with NH 3 
and contains T i0 2  (70%), V2 O5 (5%), W 0 3, 
and M o 0 3 as integral part of monolith. 
Characteristic: geometry: honeycomb with 
square ducts; wall thickness: 0.78mm; 
channel pitch: 3.45 mm.
Experiment: same as Beeckman's method. Experiment performed at different temperatures of 200- 
450°C.
In Beeckman’s technique, a single cell is used as a catalyst, which is cut out from an 
industrial-sized monolith. A stainless steel tubing with a square shape on one end is 
inserted into the single channel and glued with epoxy to the catalyst. The catalyst and 
tubing are then inserted into a Pyrex glass enclosure of a diffusion cell and sealed tight 
using a clamp on the centre o-ring closure shown in Figure 2.18.
A schematic diagram of a diffusion cell is shown in Figure 2.19. The diffusion equation 
derived by Beeckman is based on the material balance over the axial distance, dx, along 
the cell. The diffusing species, NO, was introduced in counter current flow.
N O /N
A:catalyst channel B: Epoxy glue C:1/4 inch steel tubing D:NO analyser 
E:gas meter F:0-ring closure l:manometer J:vent K:3-way valve
Figure 2.18. Experimental set-up of the Beeckman’s diffusion cell (adapted from 
Beeckman, 1991).
x d x  
 >
Figure 2.19. Schematic of a diffusion cell (adapted from Beeckman, 1991).
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This approach by Beeccman (1991) was later extended by Li (1997) in order to measure 
the effective diffusivity of methane in a commercial monolith catalyst. There are a few 
modifications in Li's approach, see Figure 2.20:
Instead of using a single channel, Li used seven channels, and the shape of channel 
was hexagonal, consisting of a central channel surrounded by six channels 
The hydraulic diameter of a channel is much smaller than that used in Beeckman’s 
experiment.
The two gas streams, N2 and CH4, flowed co-currently
The walls of the channel consisted of composite layers of alumina washcoat on a 
cordierite substrate.





Monolith channelsFirst manifold Second manifold
dP: Differential pressure transducer
PI: Pressure indicator
Figure 2.20. Schematic of the diffusion cell used in Li (1997).
Moreover, by using a hexagonal monolith, a relatively uniform thickness of washcoat 
could be obtained, as the angle of the corner is greater in hexagonal monoliths than in 
rectangular ones. For example, the catalyst monolith studied by Hayes and 
Kolaczkowski (1994) has a washcoat which was 10 pm thick at the centre of the 
channels and 150 pm at the comers, whereas in Li’s experiment it was 40 ± 20 pm.
Monoliths are manufactured in a wide range of sizes and shapes. The shapes are mostly 
square, hexagonal and triangular. The design of the diffusion cell will depend on the 
size and shape of the monolith. Li (1997) measured the effective diffusivity of methane 
through honeycomb ceramic monoliths and selected a total of seven channels namely a 
central channel and the six surrounding channels. In a square monolith a total of five 
channels can be selected and three in a triangular configuration, see Figure 2.21.
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a) Square b)H exagonal c)T riangular
Figure 2.21. Cross-sectional views of typical cell geometry of monolith.
The experimental apparatus shown in Figure 2.22 is similar to the Wicke-Kallenbach 
cell and is operated at a steady state. The main component of the apparatus is the 
selected monolith channel, which is used as a diffusion cell. The selected channel is 
connected and sealed to stainless tubing. Selection of the right sealing material is 
important to prevent gas leakage. The sealing material must be applied to both the 
connections and the surroundings of the selected channels. If the experiment is operated 
at high temperature and high pressure, temperature-resistant and pressure-resistant 
materials have to be chosen. The diffusing component, e.g. CH4, was fed into the 
central channel and the other gas was fed into the surrounding channels. Pressures in 
the surrounding channels were equalised by joining them together with manifold at both 
ends. Flowrate and composition were monitored in the central channel and in the 
manifolds. The thermal conductivity detector from a gas chromatograph was used for 
continuous monitoring.
hT}










Figure 2.22. Schematic diagram of an apparatus.
50
2.5 Sol-gel method
Over the last decade, the sol-gel process as a method of preparing a washcoat has 
attracted considerable interest. A comprehensive review on sol-gel chemistry of metal 
oxides has been carried out by Livage et al. (1988). The chemistry of the sol-gel 
process is based on hydroxylation and condensation of molecular precursors. Two 
different routes are usually described in the literature depending on whether the 
precursor is an aqueous solution of an inorganic salt or a metal organic compound. The 
most versatile precursors of the sol-gel synthesis of oxide are undoubtedly metal 
alkoxides, which are very reactive toward nucleophilic reagents, mainly water.
Sol-gel technique has mainly been used for the preparation and/or fabrication of glass 
and ceramic products. Some selected examples of applications are:
1. Preparation of glass and ceramic fibres (e.g. Kamiya et al., 1980).
2. Coatings and films (e.g. Abraham, 1975).
3. Porous solids and microballoons (e.g. Zarzycki et al., 1982; Yoldas, 1975,
Wehrenberg, 1978).
4. Nuclear fuels and radioactive wastes (e.g. Anold et al., 1982).
5. Transition metal oxide gels (e.g. Bullot et al., 1980).
Porous solids prepared by sol-gel methods may be attractive for chemical engineering 
application, e.g. membranes and filters, and supports for catalyst. It is because the gel 
calcined at relatively low temperatures (>300°C) is an extremely porous solid and the 
pores are predominantly interconnecting and open (e.g. Zarzycki et al., 1982). The 
porosity and pore size distribution can be controlled by conditions such as precursor 
material, peptising reagent and peptisation temperatures (e.g. Leenaars et al., 1984; 
1985). For example, in a silica gel, the pore diameters can range from 2 0  to 80A, and 
the porosity can be greater than 50%. Surface areas in excess of 900 m /g have been 
reported for silica gels dried at 40°C and even after heating at a couple of hundred 
degrees, a great deal of porosity is retained (Brinker et al., 1982).
Table 2.5 lists some examples of catalytic applications where the sol-gel technique has 
been used. Application of the sol-gel technique on monolith supports has also been 
reported. According to DeLuca and Campbell (1977), the first application was reported 
by Foster and Meissner (1973) who developed a method of coating on monolithic
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supports by in situ hydrolysis of various metal alkoxides. The procedure involves 
impregnating a monolith with alkoxide solution, which contains the desired metal.
Table 2.5. Examples of applications of sol-gel method in catalysis.






Pt, Pd Hydrogenation of Olefins
Guilhaume & 
Primet (1994)
Spinels CuO Combustion of methane
Seker & Gulari 
(1998)
Alumina Pt Catalytic reduction of NOx





Cho et a/. (1998) Alumina Pt Investigation of physico-chemical 
properties





Lange et al. (1998) Titania Pt Selective hydrogenation
Wang & Lin(1998) Alumina CuO Flue gas desulphurisation
To prepare an alumina layer, aluminium i-propoxide may be used. Then, the 
impregnated monolith is heated with water vapour to precipitate a hydroxide or 
oxihydrate, and then dried and calcined to obtain the oxide. Nelson et al. (1981) 
prepared coating of metals with ceramic oxides using colloidal intermediates. Then, 
they performed catalytic combustion experiment. In the paper a catalyst consisting of 
platinum dispersed in a high surface alumina, was prepared in a form suitable for 
bonding to Fecralloy™ steel by using an aggregated alumina sol. By testing the ability 
of the catalyst to oxidise propane at various temperatures, they demonstrated that 
complete combustion of propane could be achieved at a temperature of 300°C. The 
catalyst was shown to have excellent thermal durability (due to the stable pore structure 
and surface area of the alumina produced from the aggregated sol).
Zwinkels et al. (1995) prepared by dip coating, a washcoat on whisker-covered metal 
monoliths with a silica suspension consisting of silica powder mixed with a colloidal
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silica sol by dip coating. They reported that the use of colloidal sols with varying 
particle size distributions provided a way to control the specific surface area and pore 
size distribution of the washcoat. Increasing the thickness and hence internal surface 
area also leads to increased activity. However, the preparation procedure strongly 
influences the activity of the prepared catalysts.
2.4.1 Thermal resistance materials
7-Alumina and its transition forms have often been used in catalytic applications where 
high specific surface area and catalytically active sites are needed. However, the 
transition aluminas are metastable phases and above a temperature of about 900°C there 
is a transformation to a-alumina with a catastrophic loss of specific surface area and a 
change of surface chemistry, which diminishes their usefulness in catalysis. Such 
morphological changes in catalyst support are accompanied by a loss of catalytic 
activity occasioned by encapsulation of the metal (e.g. Arai & Machida, 1996; Djuricic 
et al, 1997). The loss of activity is permanent, because the transformation of the 
metastable 7 -alumina is irreversible.
Therefore there is considerable interest in improving the thermal stability of transition 
aluminas so that processes can be operated at higher temperatures with a corresponding 
gain in efficiencies. The stabilisation of the metastable phases depends on inhibiting 
nucleation of 7 -alumina. Nucleation cannot occur as long as the primary particle sizes 
of the transition aluminas are smaller than the critical nucleus size for the a-alumina.
Since the sintering of transition aluminas occurs thermodynamically, the most 
convenient method of stabilisation is kinetically to inhibit sintering by adding dopants. 
The effect of dopants on surface area of alumina support has been extensively studied 
for use as automotive emission controls, steam reforming and catalytic combustion. 
Table 2.6 presents some study of use of these elements as a dopant to improve the 
thermal stabilisation of alumina.
Recent studies have focused on using heterometallic alkoxides as precursors (Caulton & 
Hubert-Pfalzgraf, 1990). In some applications, it is desirable to incorporate at least one 
other metal atom in the aluminium oxide material. For example, it has been found 
desirable when employing the aluminium oxide material as a catalyst support to include
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atoms of lanthanum, cerium, calcium, strontium, barium, or all, in the aluminium oxide 
(alumina) matrix. Incorporating any of these metal atoms in the alumina matrix tends to 
prevent structural changes that occur in unstabilised /-alumina at high temperatures. In 
addition, some of these metals {e.g. CeC>2, ZrC>2) are included to provide oxygen storage 
in the alumina for catalytic applications involving oxidation.
Table 2.6. Examples of thermal stabilisation of alumina by dopants (adapted from Arai 
& Machida, 1996).
Researcher Dopant Remark
Revy & Bauer (1967) Li, K, Mg-activated alumina ca. 600°C, 240 m2/g
Amoto et al. (1975) Ba-7-Al20 3 ca. 1200°C
Amoto et al. (1975) Si-7-Al20 3 ca. 1200°C
Burtin et al. (1987) Zr, Ca, La, Th doped alumina Kinetic model of stabilisation
Schaper et al. (1987) La-7-Al20 3 1000°C, 120 m2/g
Oudet (1988) Latanide (La,Pr,Nb)-alumina 1150°C, 63 m2/g
Johnson (1990) Ba, Sr, La, Sn, Si02, PO4+ 7-Al20 3 ca. 600°C
Niwa et al. (1990) Si02 coated alumina 1220°C, 91 m2/g
Beguin et al. (1991) La-7-Al20 3 1050°C,51 m2/g
Beguin et al. (1991) La-7-Al20 3 900°C, 92 m2/g
Konan et al. (1992) Si02-Al20 3, mullite 1400°C, 31 m2/g
Horiuchi et al. (1993) Si02-Al20 3 1300°C, 46 m2/g
Duricic et al. (1997) Zr02-Al20 3 1200°C, 36 m2/g
In this thesis, the addition of zirconia to alumina will be briefly considered, as it is a 
recognised method of improving the thermal stability of the washcoat. As illustrated in 
Figure 2.23, the surface area of zirconia decreases relatively slowly with temperature, 
compared to alumina, which has a dramatic change with temperature in the range of 
673K - 1173K. Some metal catalysts {e.g. Cu, Rh), when supported on zirconia, have 
shown higher activity relative to being supported on other oxides, such as, ZnO, AI2O3, 









i \  Zl0^
« \  (2700 C)
5in




Figure 2.23. Temperature dependence of specific surface area of metal oxide supports (adapted 
from Arai & Machida, 1991). Melting point shown in the parentheses.
2.4.2 Cracking of washcoat
Shrinkage of the coating film upon heating is considered to be one of the main causes of 
cracks appearing in the washcoat. Shrinkage is a general problem in the sol-gel 
methods.
Sakka (1989) speculated that when the gel film is too thick, the coherent force within 
the film would cause shrinkage of the film in the direction parallel to the substrate 
plane. If this coherent force exceeds the bonding of the film to the substrate surface, the 
film may come off. It is expected that the bonding energy between the film and the 
substrate is large compared with the coherent force in thinner films. In this case, the 
film is supposed to shrink in the direction perpendicular to the substrate plane, resulting 
in the formation of a film that bonds firmly to the substrate.
Sherer (1989) reported that the drying stress in the film is nearly equal to the surface 
tension in the liquid. Until present, the rapid and reliable production of gel has been 
difficult to realise because of the lack of control over drying stress and cracking. The 
phenomenon can be described in the relationship between the tension in the film and the 
capillary stress. The stress (6) in a film is approximately equal to the tension in the 
liquid when it existed in the form of a suspension. As the film becomes rigid due to 
evaporation of liquid, the tension in the film becomes equal to the capillary stress,
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which would shatter a macroscopic gel. However, according to the liteature, inorganic 
films thinner than ~0.5mm do not crack, regardless of the drying rate, whereas films 
thicker than ~lmm are virtually impossible to dry without cracks {e.g. Sakka et al., 
1984; Strawbridge & James, 1986).
Zarzycki (1986) described the drying stress as a function of pore size and rate of 
evaporation of the pore liquor, which depends on the liquid vapour pressure. A few 
researchers {e.g. Sherer, 1989; Zarzycki et al., 1982) have reported that cracking of the 
film can be reduced by controlling the rate of evaporation of liquid. Therefore the 
peeling-off may be reduced in the same manner.
Hench and Ulrich (1984) has introduced the use of organic additions to alkoxide sols, 
termed drying control chemical additives (DCCAs), to control the rate of hydrolysis and 
condensation, pore size distribution, pore liquor vapour pressure, and drying stresses. 
The possible DCCAs include formamide (NH2CHO), glycerol (C3H8O3), and several 
organic acids, such as oxalic acid (C2O4H2).
Figure 2.24 illustrates how the use of organic DCCAs can control crack formation 
(Ulrich, 1988). Without a DCCA a wide range of pore sizes and diameter of solids 
network are produced when gelation occurs. Differential growth of the solid network 
will therefore occur during ageing due to local variations in solution-precipitation rates. 
The net effect is an aged gel structure with many regions susceptible to cracking during 
drying.
Addition of a basic DCCA such as formamide produces a large sol-gel network with 
uniformly large pores. An acidic DCCA, such as oxalic acid, in contrast results in a 
somewhat smaller scale of network after gelation, but also with a narrow distribution of 
pores. Thus, either basic or acidic DCCAs can minimise differential rates of 
evaporation and ensure a uniform thickness of the solid network that resists the drying 
stress. Achieving a uniform scale of structure at gelation also results in uniform growth 
of the network during ageing which thereby increases the strength of the gel and its 
ability to resist drying stresses.
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Artaki et al. (1986) dealt with the effect produced by the addition of chemical additives 
on the polymerisation stage of the sol-gel process. The medium in which the 
condensation reaction occurs has been shown to be of critical importance in the 
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Figure 2.24. Control of sol-gel process with organic DCCAs (adapted from Ulrich, 
1988).
The size and shape of the polymeric particles produced in the presence of the various 
solvents have been shown to be strongly dependent on the hydrogen bonding and 
electrostatic interactions in the sol-gel system. A strong network of hydrogen bonding, 
as in the case of the formamide system, sterically shields the reaction centres, promoting 
the formation of branched structure of larger or more uniformly distributed micropores. 
They concluded that the solvent medium should be included among the better studied 
control parameters (e.g. pH, temperature, metal concentration, water/alkoxide ratio).
2.4.3 Factors affecting the thickness of washcoat
According to Sakka (1989), the following factors might affect the thickness of 
crystalline dip-coating films (within the thickness range where uniform films form that 
are attached to the substrate):
(a) The viscosity of the coating solution: the thickness of the film increases with 
increasing viscosity. It is proportional to the square root of the viscosity.
(b) The rate of withdrawal: the thickness increases with increasing the rate of 
withdrawal. It is proportional to the square root of the rate of withdrawal.
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(c) The oxide concentration of the solution: the thickness increases with increasing 
oxide concentration of the coating solution.
(d) Heating temperature and time: gel coated films are porous and sintered when they 
are heated. Accordingly, the film thickness decreases with increasing heating 
temperature and time.
A thicker film can be obtained by repeating the coating procedure. In this case, it is 
essential to repeat the whole procedure consisting of dipping of the substrate, its 
withdrawal and heating. Omitting the last step in process (i.e. heating) would lead to 
peeling of the film. It is assumed that the film becomes a part of the original substrate 
after heating.
2.4.4 Sol-to-gel transition
The textural properties of a gel depend upon the method of drying. There are three 
methods that can be used. The first method is drying at atmospheric conditions and the 
dried gels are called xerogel. The second method is drying in supercritical conditions 
and the dried gel is known as aerogel. The third method involves eliminating the 
solvent by freeze drying by sublimating the frozen solvent in order to prevent the 
formation of menisci between the solid-liquid and liquid-vapour interfaces. The freeze- 
dried gel is called cryogel. Their textural properties are very close to those of aerogel 
and xerogel.
The fabrication of finely divided powder or monoliths via a sol-gel process requires at 
least four steps: hydrolysis, peptisation, ageing and finally drying. The last step may 
either conserve or destroy the qualities obtained during the three previous steps (e.g. 
Brinker & Scherer, 1990).
2.4.5. Advantage and disadvantage of the sol-gel methods
Based on the review of literature, the advantages and disadvantages of sol-gel methods 
are summarised in Table 2.7. Compared to commercial alumina, sol-gel processed 
materials are expensive. There is some cost reduction because the washcoat can be 
loaded on the honeycomb substrates as a uniform layer without filling up the comers of 
the channel (Narula et al., 1993).
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Table 2.7. Some advantages and disadvantages of sol-gel methods. 
Advantages
1. Easy to control the physical properties by calcination.
2. Distinct texture due to different drying step.
( xerogel, aerogel, cryogel).
3. Uniform layer of washcoat.
4. Relatively good thermal stability.
5. Strong adhesion to monolith substrates.
6 . High specific surface area.
Disadvantages
1. High cost of raw materials.
2. Long processing time.
3. Large shrinkage during processing (gelling, calcining).
4. Lack of information and unfamiliarity.__________________
Conclusions
From the review of the literature it is clear that there have been very few published 
experimental studies on the measurement of effective diffusivities in catalyst coated 
monoliths. Also, it appears that there has been no published work on the diffusion of 
gasoline components in monoliths.
Recognising that the characteristic properties of the washcoat depend on the method of 
preparation, it was decided to coat samples of cordierite with alumina, using the sol-gel 
method. Measurements would then be performed on a structure that more closely 
resembled commercial application of this technology.
In the application of interest, gasoline is a potential fuel, however, its composition is 
complex. It was therefore decided to select the hydrocarbons: n-pentane, n-hexane, n- 
heptane and rc-octane as model compounds to represent the range of species 
encountered. This will pose certain experimental difficulties, as they are liquid at room 
temperature. To act as a reference base, experiments will also be performed with 
methane. This is a gas at room temperature, so potential problems of vaporisation and 
condensation will not be encountered. Also it will be possible to compare the results 
with methane with other published experimental data.
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As catalytic combustion occurs at elevated temperatures, it was decided to design an 
experiment where the effect of temperature could be assessed. Within the constraints of 
available equipment, a temperature range of 100 to 300°C was selected. This in itself 
posed a challenge, as the maintenance of a seal around a fragile sample of the 
washcoated monolith would be difficult.
In looking at the published literature on the way in which the effective diffusivity, De, 
has been calculated in a model of a catalytic combustor, it is clear that intraphase 
diffusion should be modelled and that very little has been done to check the validity of 
the method used to calculate De value. Hayes et a l (2000) showed that the 
experimentally measured De values are significantly smaller than those obtained from 
random pore model. However, experiments were not performed with hydrocarbons 
representing gasoline and neither were the properties of the washcoat varied. So it is 
clear that there is a need to study the link between the properties of the washcoat and De 
values.
In order to select and/or develop an experimental technique for measuring diffusion in a 
catalyst, the following issues were considered:
What precision and accuracy are required?
What will cause interference?
• Acceptability of the technique.
Geometrical shape of the catalyst.
• Ease and convenience in operation.
• Speed.
Cost and availability of the equipment.
Furthermore, it was necessary to assess if the selected technique can be applied to a real 
catalyst (or commercial catalyst) and whether the characteristics of the catalyst can be 
retained during the preparation of the specimen.
The Wicke-Kallenbach (1941) experiment is a classical experimental technique that is 
extensively used to evaluate the effective diffusivity of catalyst pellets. This technique 
has been used widely to measure the effective diffusivity in catalysts because it offers 
the convenience of a simple design and ease of operation. Many theoretical and
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experimental studies using this technique have been described in the literature over the 
last few decades (Park et al., 1996). However, this steady-state method has been 
criticised, as it cannot detect the contribution of dead-end pores. By extending the 
method to include an analysis of transient response (e.g. Hashimoto & Smith, 1973; 
Dogu & Smith, 1976), the contribution of dead-end pores could be considered.
Using the Wicke-Kallenbach type of cell, experiments have generally been performed 
on catalyst pellets that are 5mm thick. The catalyst coated monolith wall is only 
0.25mm thick, so this posed a number of problems. One option considered was to crush 
the monolith and then form a pellet by pressing the powder into a desired shape to fit 
the cell. This was rejected, as the characteristics or texture of the pellet would differ 
from the washcoat on a substrate. Beeckman (1991) and Li (1997) adapted the Wicke- 
Kallenbach technique to perform measurements on actual samples of monolith. 
Although this looked interesting for the controlled series of experiments planned in this 
thesis, it would be difficult to coat the perimeter of the cell in a uniform manner and to 
ensure uniformity along the axial length of the channel. Also, sealing the ends of the 
channel for experiments at 300°C would be difficult.
It was therefore decided, to cut a section from the cell wall of the monolith, into the 
form of a plate. Although the manufacture of this plate is difficult (because of fragility 
due to thinness of the wall structure, 0.25mm thick), the characteristics of the structure 
are not changed. This support would then be coated with the washcoat material, and 
then the plate would be sealed in a cell.
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Chapter 3. Design of Experimental Apparatus and Techniques for 
Diffusion Measurements
In this chapter, the design of the experimental apparatus, and the results of preliminary 
experiments are presented. The sequence of events is summarised in Figure 3.1.
Method is shown 
to be unsuitable




Sensitivity of De on 
pressure changes across 
the specimen
Steady-state method
Development of method of forming 
and sealing a specimen
Preliminary experiments 
to test the apparatus 
and evaluate 
Da for the cordierite
Preliminary experiments 
to test the apparatus 
and evaluate 
Z) for the cordierite
MEASUREMENT OF EFFECTIVE DIFFUSIVITY
Figure 3.1. Schematic illustrating the link between events described in Chapter 3 (note: this 
links with Figure 1.2 in Chapterl).
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3.1 In troduction
Having decided to design a diffusion cell where a sample of coated cordierite plate (or 
wafer) could be sealed in a cell, see Figure 3.2, the possibility of performing both steady 
state and transient methods of analysis were considered. The general advantages and 
disadvantages are summarised in Table 3.1.
Besides having to face the problem of sealing a fragile plate, where the catalyst layer is 
very thin (1-10 pm) on a 250 pm support, when planning experiments with gasoline, 
additional challenges are faced:
(a) At ambient temperatures gasoline is a liquid.





(b) Section view A-A
Figure 3.2. Schematic illustrating the concept of using a thin plate cut from a cordierite 
monolith.
In this chapter, the following aspects are considered: (a) the preparation of specimen 
consisting of a suitable washcoat support and development of sealing techniques, (b) a 




presented of preliminary experiments and performance tests to assess the characteristics 
of the experimental rig.




(a) Axial dispersion, gas flow 
maldistribution, gas-to-solid mass 
transfer can be eliminated.
(b) Direct measurement of Dejf.
(c) Not affected by finite heat 
transfer.




(d) Same as No. 1 above.
(e) Data collection is fast.
(f) The contribution of dead-end 
pores can be assessed.
(h) Mathematical interpretation of 
results is more tedious.
3.2. Preparation of cordierite plates
In preliminary experiments, it was quickly realised that the cordierite plate cut from the 
monolith was too thin and fragile to mount directly in the diffusion cell. An 
electroplating technique was therefore considered to build a metal layer on the plate, 
which would act as a seal and provide rigidity. However, the ceramic plate has a very 
low electrical conductivity, and it is necessary to increase its electrical conductivity so 
that metal would grow on the surface. To do this, gold was selected as a conductive 
material and this was first deposited on the ceramic plate by using a sputter machine 
(.Edwards 5150B sputter coater). In order to maintain a section of the plate clear, a 
paper disc was attached to both sides of the plate before sputtering with gold. This 
section remains free of gold, and hence metal cannot grow on it during the 






r b) A thin ceramic plate
1^ © Washcoating<—  © Electroplating (Ni and Cu)a) Ceramic monolith substrate
c) A metal coated cordierite plate
Figure 3.3. The preparation procedure for a sample: © sawing, © grinding, © washcoating, and 
0  electroplating.
In order to ensure success with the electroplating process, it was necessary to pre-treat 
the cathode, and to select anode material, plating bath, current density and other 
electrolysis conditions (e.g. temperature, pH). The following types of layers may be 
formed during electroplating (Pletcher & Walsh, 1993):
(a) Single metals: e.g. Sn, Cu, Ni, Cr, Zn, Cd, Pb, Ag, Au, and Pt.
(b) Alloys: e.g. Cu-Zn, Cu-Sn, Pb-Sn, Sn-Ni, Ni-Co, and Ni-Fe.
Ideally, the metal should have the same coefficient of thermal expansion as the ceramic 
in order to avoid cracking. However, many of the metals with a low thermal expansion, 
were unsuitable because of their poor deposition properties as a result of their low 
current efficiency. For example, copper has very high current efficiency, but its thermal 
expansion is also high (17.0 xlO '6 in /inK '1), while in case of chromium with a low 
thermal expansion (6.5x1 O'6 in/in K '1) it has a low current efficiency. After screening 
and testing, two kinds of metals, nickel and copper, were found to be suitable for this 
work. Nickel was found to be suitable because its thermal expansion is relatively low 
(13x1 O'6 in/in K '1) and its current efficiency is good. However, producing a thick and 
hard nickel layer was very difficult because the layer of nickel was found to shrink and 
bend when it become thicker. Therefore, nickel was firstly electroplated as a thin layer
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(« ca 1 mm) and then copper was deposited in order to increase the strength of the plate. 
The electroplating conditions for copper and nickel used in this study are listed in Table 
3.2.










*Cu CuS04 (200-250), 
H2S04 (25-50)




**Ni Ni sulphamate 
(300), NiCl2 (30), 
H3BO3 (30)





Based on method described in Pletcher & Walsh (1993) 
** Based on method described in Diggin (1954)
For copper electroplating, the electrolyte consisted of: sulphuric acid (98%, Aldrich), 
copper sulphate (98%, Aldrich). For nickel plating, the electrolyte consisted of: nickel 
(II) chloride (Aldrich), boric acid (99%, Aldrich), nickel sulphamate (98%, Aldich). 
Naphthalene-1,3,6 -tri-sulphonic acid (Aldrich) and dextrin (Sigma) were used as an 
additive in the electrolyte for nickel and copper, respectively. Copper rod was used as 
the cathode in copper deposition, and nickel foil was used as a cathode in nickel 
deposition.
To create an annular ring around the cordierite, with a thickness of 2mm, it was 
necessary to operate the cell for several days as the rate of metal deposition is usually 
much slower than 75 p,m/h (Pletcher & Walsh, 1993). To obtain a smooth surface to 
ensure a good seal between the copper plated surfaces and stainless steel O-rings, the 
electroplated specimens were ground with silicon carbide paper on a rotor. Examples of 
specimens prepared are shown in Figure 3.4.
Although it was desirable to have a large exposed area of cordierite in the plate, the 
strength of the structure decreased with an increase in diameter. After a number of 
trials, it was decided to form supports with a number of small circular openings (about 




Figure 3.4. Exam ples o f  electroplated specim ens for diffusion experim ent.
A cross section of the interface between the cordierite and the metal-coated annular ring 
is shown in Figure 3.5. This image was generated by an optical microscope (Model: 
ICM405, Zeiss, Germany) with DIG (Differential Interference Contrast) lenses. The 
interface between the metal layer and the ceramic plate can be seen clearly. It can be 
further observed that the nickel layer has very close contact with the ceramic surface, 
even in the crevices.
The thin ceramic plates were directly cut from a commercial cordierite monolith 
substrate obtained from Coming Inc. (New York, USA) and the thickness of the plate is
0.25 mm, the same as the walls of the channel. The composition and physical properties 
of the ceramic are listed in Table 3.3. Although the difference between the thermal 
expansion of ceramic (12.5x10‘7 in/inK'1) and nickel (13x1 O' 6 in/in K'1) was relatively 
small, it was necessary to restrict the maximum temperature to a value of 320°C, to 
avoid fracture of the cordierite.
In commercial applications, as the layer of the washcoat can vary from 10 pm to 150 
pm (e.g. Hayes & Kolaczkowski, 1996), it was decided to prepare samples where the 






Figure 3.5. Optical microscopic images (DIC) of the section of an electroplated cordierite plate.
Table 3.3. Specification of the cordierite substrate supplied by Coming, Inc.
1. Cell density: 400 square cells per square inch.
2. Chemical composition:
Major oxides: MgO 13.5% ± 1.0%
AI2O3 35.4% ± 1.5%
Si02 49.7% ± 1.5%
Impurities: K2O 1 .0 %
Ti02 1 .0 %
CaO 0.5 %
Fe20 3 1 .0 %
Na20 0.4%
3. Crystalline phase:
Major phase (Minimum = 90%):
Cordierite 2 MgO - 2 AI2O3 - 5 SiC>2 
Minor phase (Maximum = 10%)
♦ Mullite (3 AI2O3 - 2  S i02)
♦ Alumina (AI2O3)
♦ Spinel (MgO- AI2O3 )
4. Physical properties:
Water adsorption: 15% water adsorption 
Coefficient of thermal expansion: 12.5 x 10"7 cm/cm K 
_________________ Minimum softening temperature: 1410 °C___________
For experiments with a washcoat, the cordierite plate has to be coated with washcoat 
before electroplating, see Figure 3.3,
3.3. Design of diffusion cell
The diffusion cell consists of two identical stainless chambers, which have a cavity of 
15 mm in diameter and 6  mm in depth, and several connection ports. The metal plated 
sample was placed between the two sections of the cell, and then the two parts were 
assembled by means of four screws. Stainless steel O-rings supplied by Wills Polymer
Co. (Bridgewater, UK) were used on both sides of the plate to form a gas tight seal.
After performing preliminary experiments on a diffusion cell with a:
• cross-section cell area: 1.23 cm2,
• upper chamber volume: 0 .8  cm3, and
• lower chamber volume: 0 .8  cm3,
it was decided to construct a cell with the dimensions illustrated in Table 3.4. Decisions 
on size of tubing and position in the two chambers, were based on examples of designs
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of the Wicke-Kallenbach type of cell reported in the literature {e.g. Dogu & Smith, 
1968).
The gas flow to both sides of the sample was introduced perpendicularly through two 
jets to minimise the concentration barrier that exists between the gas phase and the solid 
phase. Stainless steel tubing (dimension: 3.175 mm (1/8") OD and 1 mm ID) was used 
for the gas inlet and the end had a cone shape in order to distribute the gas evenly onto 
the face of the plate, see Figure 3.6.
A pressure tapping in the upper and lower chambers was used to measure the pressure 
differential across the plate. In order to monitor the temperature in the cell, two 
thermocouples were located in each side of the cell, one in the gas stream and the other 
was positioned close to the sample. The general configuration of the diffusion cell is 
summarised in Table 3.4. A schematic of the cell is shown in Figure 3.6, and a photo 
image is presented in Figure 3.7.
Table 3.4. Summary of diffusion cell configuration.
The cell was constructed from: Stainless steel; Type 316
Connection ports:
4 ports for thermocouple connections 
2 ports for gas inlet and outlet 
2 ports for pressure transducer
2 O-rings (supplied by Wills polymer Co.):
Material: stainless steel; Type 321 
Dimension : 22.45 mm OD x 1.6 mm high
Dimension of the upper and lower chamber: (15 mm in diameter x 6mm in depth)
Upper chamber: 1.06 cm3 





















Figure 3.7. A photo image of the diffusion cell
1 cm
3.4 Experimental apparatus and procedure
3.4.1 T ransient m easurem ents
A flow diagram of the equipment for the transient experiments is illustrated in Figure 
3.8. The apparatus consists of a diffusion cell, a constant temperature oven, gas flow 
lines (carrier gas, reference and sample gas), a gas sampling valve and a gas 
chromatograph equipped with a thermal conductivity detector (TCD).
The same carrier gas flows on both sides of the ceramic substrate. A portion of carrier 
gas, which carries the trace gas to the plate, flows across one face of the sample plate 
while the reference carrier gas flows across the other, carrying the outlet tracer to the 
detector.
A differential pressure transducer (Druck Ltd., Leicester, UK) was connected between 
both sides of the plate in order to confirm that the pressure was equalised on either face 
of the plate, to avoid flow as a result of pressure gradient.
Trace gas was introduced into the carrier by means of a gas sampling valve. Several 
different sampling loops were used to obtain pulse inputs. In order to introduce a pulse 
input of hydrocarbon in liquid form, a certain amount of liquid hydrocarbon was 
introduced into an injection port (by means of a microliter syringe), the injector was 
then heated up to a desired temperature to vaporise the hydrocarbon and this was then 

















































PI : Pressure indicator
AP. Differential pressure transducer
R : Rotameter
NV : Needle valve
BPR : Back pressure regulator
TCD : Thermal conductivity detector
Data acquisition system
Figure 3.8. Schematic of experimental apparatus for transient measurements.
3.4.2. Steady state measurement
A flow diagram of the experimental apparatus is illustrated in Figure 3.9, and consists 
of the diffusion cell (see Figure 3.6) housed in a constant temperature oven, a gas 
chromatography system equipped with a flame ionisation detector (FID), and a 
hydrocarbon vapour generating system (see Figure 3.10).
Nitrogen gas flows onto both upper chamber and lower chamber as a carrier gas. A 
portion of N2 containing the diffusing species flows across one surface of the plate, 
while the reference N2 flows across the other side. Two pressure transducers (Model: 
PDCR 810-0799, Druck Ltd., Leicester, UK) were connected in both side of the plate in 
order to monitor the pressures in both chambers, combined with a differential pressure 
transducer (Model: PDCR 2111, Druck Ltd). It is crucial to equalise the pressures 
across the sample plate so that the convective flow is eliminated. The concentration on 
both sides of the plate was measured using a flame ionisation detector (FID). The 
diffusion cell was located inside a constant temperature oven, which had previously 
been a part of a gas chromatograph. The temperature of the oven was kept constant 
(maximum variation of ±2°C at 200°C).
The line work and connections in the delivery line were made of stainless steel. 
Stainless tubing of 1.59mm (1/16") O.D. was mainly used in order to reduce the dead 
volume, particularly at points where pressure transducers were connected.
3.4.2.1 Vapour generating system
As the 71-paraffins, C5-C8, are liquid at room temperature, it was necessary to design a 
vapour generating system. It was important to generate a constant flow of hydrocarbon 
vapour. The development of a uniform vapour generating system was crucial in this 
work. To achieve this, the vapour generating system shown in Figure 3.10(a) was 
designed and constructed. It consists of a high precision liquid pump and two pressure 
vessels with a tubular heater. The high precision liquid pump with two piston heads 
(Model: ConstaMetric IIIG) was purchased from ThermoQuest (Manchester, UK). To 
improve vaporisation efficiency, an evaporator with a cross-flow nebuliser was 
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(b) Detail of vaporization chamber with nebulizer
Figure 3 .10. Schem atics o f  the gas m ixing/hydrocarbon vapour generating system , in Figure 3.9.
The nebuliser should help to reduce the size of the liquid droplet of hydrocarbon. 
Consequently, it can increase the rate of vaporisation. Furthermore, another vessel, 
labelled as the saturation chamber, was added after the vaporisation chamber. The 
saturation chamber (50 ml in volume) was kept at a temperature lower than the 
vaporisation chamber. This ensures that the vapour was saturated. Residual condensate 
dripped down to the vaporisation chamber. Before the saturated vapour was introduced
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into the diffusion cell, another cylinder (15 ml) was added just before the diffusion cell 
(located inside the constant temperature oven), so as to keep the temperature the same 
as the diffusion cell.
Furthermore, all the delivery lines were heated with a heating coil, and then insulated to 
prevent condensation of hydrocarbon vapour.
3.4.2.2 Gas chromatography
The diffusing species were analysed with a gas chromatograph (GC Unicam 204 series, 
ATI Unicam, Cambridge) equipped with a thermal conductivity detector and a flame 
ionisation detector. The GC was modified in order to analyse the vapour samples from 
both chambers of the diffusion cell. Two gas sampling valves with 6  ports were used to 
take samples from both chambers in the diffusion cell. In addition, a switching valve 
was also used to divert the sample to a gas chromatography column.
The performance of the GC was calibrated with a number of standards. In the case of 
methane, a known amount of this gas was mixed with a nitrogen diluent and then 
injected using a gas sampling valve. The liquid hydrocarbon standards were prepared in 
a methanol solvent and then injected into the column with microlitre syringes (Hamilton 
Co., Nevada). The GC column used was a packed column with 10% CP- 
Sil5/Chromosorb WHP (Chrompack, the Netherlands).
The thermal conductivity detector (TCD) was used in the transient method and the 
flame ionisation detector (FID) was used in the steady state method. The FID exceeds 
the sensitivity of TCD (~ 10' 8 g solute/ml carrier gas) by factors as large as 104, but it is 
used to analyse only organic compounds which produce ions and electron that can 
conduct electricity through a flame (when pyrolysed at the temperature of a 
hydrogen/air flame).
3.4.3. Experimental conditions
The investigation was started with experiments using rc-pentane, rc-hexane, n-heptane 
and n-octane, to represent components found in gasoline. In addition, an experiment 
was performed with methane.
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The gases used in this work were nitrogen, hydrogen, methane and compressed air, 
these were obtained from BOC gas and were of a technical grade. The nitrogen used as 
carrier gas for both GC and diffusion experiment was filtered with oxygen and moisture 
filters.
The physical properties of hydrocarbons used in the study are listed in Table 3.5. Their 
purity was: pentane (99%), hexane (98.5%), heptane (99%) and octane (99%), and they 
were obtained from Sigma-Aldrich Co. Methanol, which was used for making standard 
solutions of the hydrocarbons, was 99% GC grade.
The operating temperature for the diffusion experiments of the gasoline-based 
hydrocarbons had to be above their boiling points. The self-ignition temperatures of the 
hydrocarbons are below 300°C, as listed in Table 3.5. As it was found that cracks could 
arise in the electroplated sample at temperatures above 300°C, the operating 
temperature range was set between 100°C and 300°C.









n-Pentane (C5H]2) 72.15 0.630 36.3 258
n-Hexane (C6H]4) 86.17 0.659 69 296
n-Heptane (C7H16) 100.2 0.684 98.4 214
n-Octane (CsHig) 114.2 0.703 125.7 208
[at T=20°C
** Referred from Glassman (1987). The temperatures are the lowest value presented in the 
reference.
It is well known the resistance to transfer between the bulk gas in the chamber to the 
surface of the plate could be significant. This is known as interphase diffusion 
resistance. By performing experiment at various flowrates, this aspect can be quantified 
and minimised. This is discussed in more detail in Section 3.5.2.1.
The operating pressure of the cell is directly linked to the flowrate in the diffusion cell 
and the back pressure across the control valves. By adjusting a back pressure regulator 




In preliminary experiments, a 2ml pulse of methane was injected into the upper 
chamber. The operating conditions are summarised in Figure 3.11 and the results are 
represented in Figure 3.12. The output response in lower chamber is much smaller than 
the response in upper chamber as it represents the methane flux diffused across the 
cordierite plate.
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Figure 3.12. The measured response of methane tracers in both upper and lower chamber when introducing 2ml of methane as a pulse (specimen: uncoated 
cordierite, T=25°C).
In this work, the Fourier series method of analysis was employed. The normalised 
response signal is (Al-Rqobah et al., 1988):
[c2(0] ' 2 Jcaic N + M









where N = L(e/De)05, M = —  (e/De)05, f  is the half time required for tailing to
vanish, and yn and 8n are the real and imaginary parts of the Laplace transform function, 
respectively.
The effective diffusivity of methane was predicted from the Fourier series method for a 
cordierite plate, see Figure 3.13. It can also be calculated by moment method and the 
value obtained by this approach is close to the value from the Fourier series method (Al- 
Rqobah et al, 1988).
The effective diffusivity of methane was approximately 6.5 xlO ' 6 cm2/s and deviates 
from the value (9.2 xlO' cm /s) measured by the steady state method (described in 
Section 3.4.2) by a factor of more than 103. The cordierite plate is very thin, and the use 
of the transient method on this kind of thin porous sample has not been reported in the 
literature, see Appendix 2.
It can be concluded that this transient measurement is not suitable for such a thin 
sample. One more thing to note is that when detecting heavier hydrocarbons the 
sensitivity of the thermal conductivity detector (TCD) is very poor.
A number of additional experiments were then performed with the other hydrocarbons. 
Figure 3.14 shows the response of heptane tracer in the upper and lower chamber when 
introducing a pulse of 0 .1  ml heptane into the same system as that in which the methane 
measurements were made. As heptane is liquid at room temperature, the experiment 
was carried out at 175°C and the other operating conditions are listed in Table 3.6. It 
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Figure 3.14. The response of heptane tracer in both upper and lower chamber.
Table 3.6. Operating conditions for transient measurements with liquid hydrocarbons.
Specimen : cordierite substrate
Cross sectional a re a : 45 mm2
Thickness : 0.25 mm
Flowrate of N 2 in upper chamber: 1.42 cm3/s
Flowrate of N 2 in upper chamber: 1.06 cm3/s
Operating temperature : 175 °C
Operating pressure : 1.067 bar
Size of pulse input : 0.1 ml
Figure 3.15 shows the output responses in upper chamber for the C5-C8 rc-paraffins 
when 0.1 ml pulse was introduced into the injection port with a microlitre syringe. As 
the carbon number increases, the response decreases. For n-octane, the peak in the 
output is almost unrecognisable. Furthermore, the diffusion flux in the washcoated 
cordierite substrate is likely to be very much smaller than that in the uncoated substrate. 
On closer examination of this experimental method, it is clear that the accuracy of the 
analysis of the data is clearly dependent on the length of the diffusion path, or the 
thickness of the plate. For very thin plates of ~0.25mm, the delay is insufficient to 
discriminate from other small time delays and distortions of the signal in the system, 
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Figure 3.15. Output response in upper chamber for hydrocarbons (specimen: uncoated cordierite, T=175°C).
3.5.2. Steady state method
3.5.2.I. Interphase and intraphase resistance in the diffusion cell.
The transport of diffusing gas can be treated as taking place in three successive steps as 
shown in Figure 3.16: 1) diffusion between the bulk gas stream and the sample surface 
(interphase diffusion), 2 ) diffusion through the porous sample (intraphase diffusion), 
and 3) diffusion between the sample surface and the bulk gas stream (interphase 
diffusion). The resistance of the first and third step can be combined and described in 
terms of a single resistance.
The differential equation of diffusion in an isotropic medium is derived from Equation 
(2.1) and is given by, if the diffusion coefficient, D, is constant:
ac _ ,a2c a2c a2c
If there is a gradient of concentration only along the x-axis, then Equation 3.2 becomes:
ac  a^c
dt ~ e dx—  = De—  (33)
If steady state conditions apply, then:
D e ^ ~  = 0 (3.4)
ax
Considering the existence of a boundary layer on the surface of a porous solid, then the 
differential equation is subject to two boundary conditions (Crank, 1956; Cussler, 
1984):
j: = 0, —^- + &] (C,, - C , ) = 0
*  ' (3.5)
x = l, ^ + k 2( C2 - C 2s ) = 0
ax
The solutions are:
(\ + k 2{l — x) + k2C2'S( \ Jr k^x)
C - ----------------------------------------------  (3.6)
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and
j  -  -[) -  d  ~Q ,j) _ (C2., ~Q ,j) ^  ~
 ^ e dx e k] +k2+klk2l 1 t 1 | I
k\De ki^e De
If k, and k2 are large relative to De, then, —  »  1 1
De klDe k2De 
Therefore, an expression for the diffusion flux can be written as:
J A = -D,  —  = £± iZ£±L  (3 .8 )
A* l!D,
and JA can be determined from (see Figure 3.16):
J A = ^ f  (3.9)
A
where v= inlet flowrate, cm3/s
A= cross sectional of the plate for mass transport, cm2
Preliminary experiments were performed in which the flowrate of methane in the upper 
chamber and the flowrate of nitrogen in lower chamber were increased. An effective 
diffusivity can be obtained in terms of experimentally measurable quantities. The 
example calculation of effective diffusivity and diffusion flux using Equation (3.8) is 
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Figure 3.16. Mass transfer process in porous plate: O interphase diffusion, @ intraphase diffusion, © interphase diffusion.
The results of this experiment are shown in Figure 3.17 and in Table 3.7. It can be 
observed that the molar flux of methane across the plate increases linearly with the 
flowrate, and then becomes constant above a flowrate of 9 cm 3/s at S.T.P. At flowrates
above 9 cm3/s, j/D »  ^  D ^ . Under this condition then the molar flux is
proportional to the effective diffusivity. Therefore, all the measurements of effective 










Figure 3.17. Interphase diffusion effect in CH4-N2 diffusion system (specimen: uncoated 
cordierite, T=25°C).
Table 3.7. The diffusion flux of methane across the cordierite substrate at different flowrates of 
methane (T=25°C).
Flowrate, cm3/s Flux, mol/(cm2.s) Flowrate, cm3/s 2Flux, mol/(cm .s)
3.10 5.94x10‘6 8.97 1.60x10'5
4.67 6.4 lx l O'6 9.52 1.65x10‘5
5.13 1.12X10'5 10.71 1.62x10'5
6.56 1.31x105 12.07 1.65x10'5
7.82 1.53xlO'5
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3.5.2.2. Sensitivity of measurements to pressure gradient across the plate.
In the presence of a pressure gradient, the flow of component A can be considered as a 
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Figure 3.18. Diffusion of A and B in binary mixture.
The total flux of component A relative to a stationary point will be equal to the sum of 
the diffusion flux of A plus the convective flux of A:
Na = CAj v + JA (3.10)
(total molar flux) (convective flux) (diffusion flux)
where the quantity j v represents the molar average velocity of the entire phase. For a 
membrane, j v often represents the amount of convection and has a dimension of 
length/time. Also, it is convenient to write the quantity j v as (Cussler, 1984):
j v = uA P  (3.11)
where co is permeability and AP is pressure gradient across the porous solid. This is 
also known as Darcy's law.
The following equation can be obtained by substituting Fick's diffusion equation 
(Equation 2.1) into Equation (3.10):
N A = i,C A - D t £ ? -  (3.12)
dx
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where Do is the true diffusion coefficient, i.e. when there is no pressure gradient across 
the plate (AP=0).
On introducing the following equations:
Ci 2V
N a  = —“T-  ’ (3-13)A
Ca.p =^J l = —  Ca,1, (3.14)
Jv JVA
where v = flowrate of N2, cm3/s
A  = available area for mass transport, cm2
Ca,p= concentration of diffusing species A in the pore, mol/cm3
Equation (3.12) becomes:
L C A,p = j ,C A- D a ^  (3.15)
dx
and on integrating Equation (3.15) with respect to x  with boundary conditions (x=0, 
Ca(0)=Ca,i\x=l, Ca(1)=Ca,2, the result is:
h /
CAxe s *
C^ = ......7    (3-16)
1— - ( « /d" - 1) 
j A
Expressing the total diffusion flux through the plate in terms of an effective diffusivity, 
(JA=-De ^ A/dx>) is described as:
v CA2 I
De = - -------. (3.17)
A(Ca j - C a2)
Substituting Equation (3.16) into Equation (3.17):
h /  j vl /  c o A P l/
j v I e /D° j v l e /Do co API e /D°
D'=  j A  , /  =   (3-W)
(1 —)(e /d° -1) (e -1) (e /  0 -1)
v
j v I co AP I
By defining % = —  = —- —  (3.19)
Dq Dq
, Equation (3.18) can be simplified as:
X e%D, -  Do —  - (3.20)
ex - 1
91
From Equation (3.20), the relationship between effective diffusivity, De, and pressure 
differential, AP, can be shown. There are three cases to be considered in respect of AP 
(see in Figure 3.19):
Case O: when AP < 0 (P i« P 2), j v< 0, De ~ 0
Case ©: when AP = 0 (Pi=P2), j v—>±0. Using Taylor’s series and neglecting 
higher order terms, Equation 3.20 can be expressed as:
, 2
De =D0
X(\+X + — + —  + ■■•) , (1 + Z)(1-—)
2! 3! m J ) \ ± * = _ ------ 2 _  = _ 2 _ J _ „ x)o(1 + * )
2y 2 y 3
(^ + — + —  + ••■) 2! 3! 2 2 2 4
on reintroducing the original term (Equation 3.19), 
Jv l co AP I
De ~ D0 +■ = D0 + (3.21)
Case ©: when AP »  0 (P i« P 2),yv > 0, Equation (3.20) becomes 
De =DoX = j v l = co I AP (3.22)
D
S lo p e
Pressure differential,
Figure 3.19. Effect of pressure differential, AP, on effective diffusivity, De (drawn from 
Equation 3.20).
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The influence of the pressure change on effective diffusivity is dependent on the value
of as described in Equation (3.21). The accuracy of the differential pressure
transducer used in this experiment was ±0.2 mbar, so the discrepancy between the 
experimental De value and D0 value from this model will be ± 0.1 co I. In the particular 
experiment shown in Figure 3.20 and Table 3.8, the curve in the region © is linear and 
the slope is 1.4 x l O 3 cm2/(sm bar), so the discrepancy of De due to inaccuracy of AP is
4 21.4 x 10" cm7s. The average effective diffusivity of hexane and the standard deviation 
of its effective diffusivity obtained from the experiment were 0.00218 and 0.00017, 
respectively. It can be found that the discrepancy calculated from the model is very 
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Figure 3.20. Sensitivity of the effective diffusivity of hexane on the pressure differential across 
the washcoated substrate (T=125°C).
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Table 3.8. Effect of pressure differential, AP, on effective diffusivity, De, of hexane in a 
washcoated cordierite support (T=125°C).
AP, mbar
------- ------------------
De, cm /s AP, mbar De, cm /s
-3.0 0.00167 ±3.1xlO'5 1.6 0.00355 ± 0.00028
-1.6 0.00176 ± 3.0x10'5 3.0 0.00531 ±0.00057
-0.6 0.00191 ± 5.8xlO'5 8.6 0.0138 ± 0.00047
0 0.00213 ±0.00017 20.2 0.0290 ±0.00142
1.2 0.00300 ±0.00022 28.2 0.0396 ±0.00101
sign represents that the pressure in upper chamber is greater than that in lower chamber)
In summary, this model was developed to investigate the effect of pressure gradient on 
effective diffusivity. It was shown that it could used to estimate the error in 
measurements that may arise from inaccurate pressure equalisation across the plate. 
Furthermore, by performing the flux measurement at varying positive pressure 
gradients, the model could be used to determine the permeability and the effective 
diffusivity could also be estimated.
3.5.2.3 Measurements of De as a function of the temperature.
The results of measurements of the effective diffusivity of methane in the cordierite 
substrate at different temperatures are presented in Table 3.9. Comparing these with 
values reported by Li (1997), who used the modified Beeckman’s method described in 
Chapter 2. At room temperature, Li (1997) reported a value of 9.2xl0'3 ± 3.8xlO*3 
cm2/s, while the value measured in this thesis is 8.7xl0’3 ±7.1xl0'4 cm2/s. The two 
values are close to one another, with only a 6  % deviation.
Table 3.9. The measured effective diffusivity of methane in an uncoated cordierite substrate at 
different temperatures.
Temperature, K Effective diffusivity, cm /s






523 0.0185 ± 0.0023
573 0.0246 ± 0.0030
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Furthermore, the temperature dependence of the effective diffusivity was investigated in 
this thesis and it is illustrated in Figure 3.21. As shown in the figure, the exponent of 



















Figure 3.21. Effective diffusivity of methane in cordierite substrate measured at different 
temperatures (v= 9-10 cm3/s, P= 1.3-1.4 mbar).
The error presented here was obtained from standard deviation. Although the standard 
deviation gives a measure of the spread of a set of results about the mean value, it does 
not indicate the way in which the results are distributed. To illustrate this a large 
number of measurements are needed. Table 3.10 gives the result of 242 measurements 
of the effective diffusivities of methane in a cordierite support measure at a temperature 
of 448 K. These results arise from a variation in operating conditions. Experiments 
were performed at various permutations of concentration and flowrates (in upper and 
lower chambers). For example, if experiments were performed at 11 different 
concentrations (in the upper chamber and lower chambers), and at two different 
flowrates in each chamber, then the total number of experiments is 242 (=11x11x2).
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Frequency Effective diffusivity 
(cm2/s)
Frequency
0.0138 1 0.0170 25
0.0142 4 0.0174 16
0.0146 11 0.0178 13
0.0150 16 0.0182 8
0.0154 2 2 0.0186 9
0.0158 32 0.0190 1
0.0162 44 0.0194 2
0.0166 38 0.0196 -
The mean of these results is 0.0162 cm /s and the standard deviation is 0.00105 cm /s. 
The distribution of the effective diffusivity data is illustrated in the histogram, see 
Figure 3.22. This shows that the distribution of the measurement is roughly 
symmetrical about the mean, with the measurements clustered towards the centre.
The 95% confidence interval of the sample means will lie in the range given by (Miller 
& Miller, 1993):
ji - \ .96(cr /4n )< D e <fi + \ .9 6 (o /4 n  ) (3.23)
where n= the number of sample, 
jl= mean value,
<7= standard deviation ( = - p ^ — ).
V n - 1
As the number of samples is 242, the 95% confidence limit is as: 









Figure 3.22. Histogram of the effective diffusivity data of methane in Table 3.10.
It should be noted that in the work reported by Li (1997), the relative error was ±41%, 
whereas in this thesis this has been reduced to ±0 .8 %.
Conclusions
A method was developed to form a metal ring around the perimeter of a sample of 
cordierite such that it could be sealed in a diffusion cell. The method involved 
electroplating and the sample could be tested at temperatures up to 320°C without fear 
of fracture.
Both transient and steady state experiments were performed to measure the effective 
diffusivity of hydrocarbons in a cordierite substrate. The transient method was shown 
to be unsuitable for such a thin sample, as the time delay for diffusion is insufficient to 
discriminate from the other time delays in the system.
Average = 0.0162 cm 2/s 
Std. dev. =0.00105 cm 2/s
Effective diffusivity (cm 2/s)
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The pressure difference between the two chambers can be regulated to ±0.2 mbar. This 
corresponds to an error of ±0.8% in value of De.
The steady-state method was shown to be suitable for this study and the results for 
uncoated cordierite plate compared well with earlier work by Li (1997). Therefore, the 
steady state method will be used to measure the effective diffusivity of hydrocarbons in 
the washcoat. Based on the results of the preliminary experiments, the following 
operating conditions are proposed:
1. Temperature: experiments can be performed from above the boiling point of the 
diffusing species and below 300°C to avoid fracture of the plate.
2. Flowrate: should be maintained above 9 cm3/s at S.T.P. so as to minimise interphase 
resistance.
3. Pressure: subject to the flowrate (due to pressure drop)
In the following chapter, the influence on De of the physical/chemical properties of the 
washcoat is investigated. Also, the use of the sol-gel method to coat a cordierite plate 
support is studied in more detail.
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Chapter 4. Washcoat Preparation Using the Sol-Gel M ethod and 
Characterisation Techniques
Introduction
Having gained experience in the method of preparing samples for the diffusion 
experiments, a number of issues surfaced that were explored further:
How effective is the method of coating?
What is the effect of doping with zirconia?
• What is the effect of adding catalyst?
To explore these aspects further, a number of preliminary experiments were performed 
and these are summarised in Figure 4.1.
ASSO CIATED FACTORS
Alum ina slurry Sol-gel


























o f  coating
Zirconium
nitrate




the phase change  
o f  alumina gel
/^ A fter  adding ca ta lysts'^  
there appeared to be 
no change in 
the characteristics o f  
alumina gel
Figure 4.1. Schematic illustrating aspects studied in Chapter 4 (note: this links with Figure 1.2 
in Chapter 1).
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In this chapter, a description is provided of:
The method used to characterise the washcoat.
The method of preparing an alumina washcoat on a cordierite substrate in the form 
of a plate (for the diffusion cell) as a monolith.
The use of doped zirconia to increase the thermal stability of the alumina washcoat. 
The method of adding active catalysts (Pt) to the alumina washcoat.
4.1. Characterisation techniques
4.1.1. Porosity measurements
The porosity of the specimens was measured by helium displacement using a 
pycnometer (AccuPyc 1330, Micrometries Instrument Co.). The pycnometer determines 
density and apparent volume by measuring the pressure change of helium in a calibrated 
volume. Analysis measures the volume of solids of irregular shape by gas 
displacement, for which density can considered automatically if sample weight has been 
entered. Before the analysis, the samples were dried at 110°C for 2 hours.
4.1.2. Nitrogen adsorption experiment
The technique of gas adsorption is widely used to characterise a porous solid and solid 
catalyst by determining the specific surface area (mainly, BET) and the pore size 
distribution of the materials. The adsorption of a gas on a solid can provide information 
about the nature of the solid surface. Adsorption is defined as the enrichment of a 
component in the interfacial layer by physi-sorption, which occurs when an absorbable 
gas is in contact with the surface of a solid. It is possible to experimentally determine 
the amount of gas (mostly, nitrogen) adsorbed on the surface of a solid as a function of 
the equilibrium gas pressure. When measured at a constant temperature the relationship 
between these two quantities is know as the adsorption isotherm. The shape of the 
isotherm (Figure 4.2) is a characteristic of the type of adsorption process occurring 
which is in turn dependent on the nature of the surface and the specific pore structure as 
described in Chapter 2. Pores are classified into three groups, micropores, mesopores, 
and macropores, in Table 2.2 (in Chapter 2). Type IV shown in Figure 4.2 is associated 
with adsorption on a mesoporous solid and exhibits a characteristic hysteresis loop. The 
hysteresis loop is associated with capillary condensation and its shape is thought to be
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dependent on the specific pore structure. However, this method cannot give 
information on the specific pore structure, notably, pore shape.
There are a number of methods by which the amount of gas adsorbed at various 
pressures is used to determine the specific surface area. The Brunauer-Emmett-Teller 
(BET) gas adsorption method is most widely used (Gregg & Sing, 1982). According to 
Gregg and Sing (1982), nitrogen adsorption is a valuable non-destructive tool for the 
examination of porous materials, but owing to limitations in computational methods it 
must be appreciated that there are uncertainties in the method. They reported that the 
degree of uncertainty is of ±10 %, but BET still provides a means of determining the 
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Figure 4.2. The five types of adsorption-desorption isotherms, I-VI (adapted from Gregg & 
Sing, 1982)
This type of experiment does not only give the specific surface area, but it also provides 
information on pore size distribution and the average pore diameter. There are also few 
methods to compute the pore diameter, but the BJH (Barrett-Joyner-Halenda) method is 
widely used. The basic equation used is the Kelvin equation as follows (Barrett, et al., 
1951):
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, , / ~ 2 a m VL -4 .1 4log (p/p ) = — — ------= --------
RTrt h
where
p  = vapour pressure over the meniscus in the capillary, mbar
p ° = saturation pressure, mbar
Om = surface tension of nitrogen at T=77K, mN/m
Vl -  liquid molar volume, m3/mol
r/c = radius of capillary, nm
T = 1 1 K
R = the gas constant, 8.314 J/(mol K).
Although average pore diameter and the pore size distribution obtained by this method 
is useful, there is a limitation that this method cannot provide geometrical information 
of the actual pore, such as type of pores and connectivity.
An ASAP 2010, from the Micrometries Instrument Co (USA), was used in this work. 
The adsorbent used was nitrogen and the adsorption isotherm was obtained by 
measuring the relationship between the amount of nitrogen adsorbed and relative 
pressure at a constant temperature of 77 K. A procedure for the preparation of samples 
for gas adsorption analysis was adopted to get reproducible data. A certain amount of 
sample was dried overnight in an oven at 120°C and then transferred to a sample tube 
for degassing. The sample was evacuated at 200°C for at least 5 hours in a vacuum of 5 
pm Hg. After cooling, the mass of the degassed adsorbent is weighed for use in 
subsequent calculations.
4.1.3. Mercury penetration
Mercury porosimetry is a technique which was originally developed to determine the 
macropore range of porous solids where the gas adsorption method is not applicable due 
to practical reasons, particularly, the Kelvin equation (Equation 4.1) is limited in the 
range of pore radius between 20 A and 500 A. The basic equation to compute pore size 
is (Ritter & Drake, 1945):
-  2(7 „„ cos 6 
r -  — Hg " "  (4.2)
P
where ra is the pore radius, p the pressure, Ong surface tension of mercury (= 0.485
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N/mJ, and 6 the contact angle of mercury (= 130°).
Although this method can measure the pore diameter below 60 A, it is generally 
accepted for characterising macroporous material, because high-pressure penetration 
causes destruction of pores (Gregg and Sing, 1982).
The instrument used in this study was a mercury porosimeter (Model: AUTOPORE II 
9220) built by Micrometries Instrument Co. It is capable of reaching a pressure 60,000 
psi (4082 bar) and, therefore, of measuring pores down to a radius of about 60A. The 
identical sample used in the nitrogen adsorption experiment was analysed with the 
mercury porosimeter. As only the macropores are involved, no rigid degassing was 
necessary. After placing the sample in the penetrometer, sample analysis was carried 
out by two runs, a low-pressure run (between vacuum and atmospheric pressure) and a 
high pressure run (from atmospheric pressure to 60000 psi (4082 bar)).
4.1.4. X-ray powder diffraction (XRD)
X-ray powder diffraction patterns were recorded with a Philips diffraction equipment 
(Philips, Netherlands). An X-ray generator (PW 1730/10, 4kW) and a diffractometer 
control unit (PW 1710) were used. The radiation used was Cu Ka, which has a 
wavelength of 0.1542 nm.
4.1.5. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to examine the pore structure of the 
sample, to observe the morphology of the powder used and also to examine formation 
of cracks after the samples had been electroplated and then heated. The instrument used 
was a JEOL T330 (JEOL, Japan) operated at 15 kV and a JEOL 6310, which was 
equipped with an energy-dispersive spectrometry (EDS) facility.
Specimens were prepared for SEM examination according to the following procedure. 
A section from the samples was mounted in Epoxy cold-setting resin (Struers A/S, 
Denmark) and then it was ground flat using silicon carbide paper on a Motopol 12 
machine (Buehler Ltd, USA). The specimen was then ground for 2 minutes using a 
Perftex surface with a 30 micron diamond slurry, and then for 4 minutes with a 6
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micron diamond slurry. They were then polished for 2 minutes on a Texamet 1 cloth 
with lpm  diamond, and finally polished with colloidal silica (0.3 pm) on Texamet 1 
cloth for a sufficient time until a scratch free surface was obtained. To make the 
surfaces electrically conductive and prevent charging under the electron beam, a gold 
coating was added to the polished samples in an Edwards 5150B Sputter (BOC 
Edwards, England).
4.1.5. Transmission electron microscope (TEM)
The transmission electron microscope (TEM) used in this study was a JEOL 1200EX 
(JEOL, Japan), operated at 120 kV. Specimens were prepared by drying the alumina sol 
on a petri dish at atmospheric and by calcining the gel at the desired temperature. The 
specimens were reduced in thickness in the central region by an ion-milling machine 
until perforation at the centre occurs.
4.2. Washcoat preparation by the sol-gel method
In this thesis, preparation of an alumina washcoat by the sol-gel technique consists of a 
route using a metal alkoxide as a precursor and consists of the following three steps: 
alumina sol synthesis, washcoating, and addition of catalyst, see Figure 4.3.
4.2.1. Alumina sol synthesis step
The term “alkoxide-derived support” means a material prepared by depositing a thin 
layer of sol from metal alkoxide on a core material, converting the sol to gel by drying 
and finally converting the gel to metal oxide by calcination. The alkoxide-derived 
support comprises a monolith support material having on its outer surface a thin layer of 
a metal oxide produced from a precursor metal alkoxide. The monolith support material 
can be any material, such as a refractory oxide, which will not be decomposed or melt 
when subjected to calcination. One of the most commonly used materials as monolith 
supports in catalytic combustion applications is cordierite, which is a mixture of 
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Figure 4.3. The procedure followed in the preparation of catalyst by the sol-gel method.
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Table 4.1. Properties of cordierite ceramic monolith (adapted from Komeya and Matsui, 1994).
C rystalline phase M ain phase: cordierite
O ther Phases: m ullite, spinel, alpha alum ina
Property Units V alue
Therm al expansion coefficient(25-800°C) l o V c 0 . 8
Specific heat (25 °C) cal/g °C 0 . 2
Therm al conductiv ity  (25 °C) W /(m .K ) 1 . 1
Softening tem perature °C 1390
W ater adsorption  ratio % 2 2
Total porosity cm 3/g 0 . 2
M icroporosity  for >  lOjIm % 45
M ean pore d iam eter Jim 9
? A direction M pa >14
c — B direction M pa >1.5
W iF  q  direction
A
M pa >0.15
Alumina sol-gel is produced from a metal alkoxide and will be used in this work. A 
frequently cited process for the making of alumina gels is that described in Yoldas 
(1973; 1975).
In this study, aluminium i-propoxide and aluminium sec-butoxide are hydrolysed in a 
large excess of water, with an acid catalyst in the ratio of 0.07 mol acid/mol alumium 
alkoxide. The steps in the sol-gel alumina reaction are shown in Figure 4.4.
(a) Hydrolysis
Hydrolysis was performed by introducing the alkoxides into a known quantity of water 
that was stirred. The molar ratio of water to alkoxide was kept at ca 100. Double­
distilled, deionised water at an initial temperature of 75°C was used. The water- 
alcohol-aluminium slurry was vigorously stirred for 15 to 20 minutes over a hot plate 
before the addition of acid.
(b) Peptisation
To initiate peptisation reaction, a peptising catalyst is normally required. Both acid and 
alkali can be used, but acid is more often used. Peptisation involves the addition of a
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critical amount of certain acid into the slurry, which is then kept above 80°C for a 
sufficient time. Following the work of Yoldas (1975), 0.03 mole of acid per mole of 
alkoxide must be added to the slurry to peptise the system to a clear sol and the critical 




AI[OCH(CH3) 2]3 + H20 -------- > AI[OCH(CH2)3]2(OH) + C 3H7OH
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AIOOH sol --------- > AIOOH gel + xH2O t
High temperature reaction (Calcination)
AIOOH gel — »7 -AI20 3 + xH2O t  
400'C
7-AI20 3 — ) 0~AI2O3 — ) ot~AI20 3 
1000'C HOO’C
Figure 4.4. Sol-gel alumina reactions: Hydrolysis, peptisation, and calcination in alumina 
derived from aluminium /-propoxide peptised with HCI (adapted from Brinker and Scherer, 
1990).
Acid additions are generally specified in terms of pH (Brinker and Scherer, 1990). 
However, in the case of alumina gel synthesis, the type of acid played a much more 
important role than the pH of the system (Yoldas, 1975). For example, H 2SO4 or HF 
did not produce the desired effect, regardless of the range of pH. The type of acid 
suitable for the peptisation of the hydroxide were thoroughly investigated by Yoldas 
(1975), who specified two general requirements:
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(a) The anion of the acids must be non-complexing with aluminium ions at the low 
concentrations (H2 SO 4  and HF form complexes with aluminium.).
(b) The acid must also be sufficiently strong to produce the necessary charge effect in 
relatively small quantities with respect to aluminium concentration.
Heat treatment is needed to start peptisation of the slurry. Yoldas (1975) reported that 
the suspension must be heated above 80°C and this temperature held until a clear sol is 
formed. Below 80°C the rate of peptisation drops drastically, which tends to form a less 
stable sol at room temperatures.
4.2.2. Washcoating step
The washcoat is prepared by dip-coating the substrate with the metal oxide sol. In dip 
coating, a substrate is dipped into a homogeneous suspension containing the desired 
metal compounds, which would finally form the desired simple or complex oxides. The 
metal oxide suspension is contacted with the monolith substrate for a sufficient time to 
deposit the metal oxide precursor material onto the substrate by selective adsorption. A 
liquid film on the substrate becomes a gel film upon withdrawal of the substrate from 
the solution as a result of the gelling reaction during dying. The substrate with the gel 
film is heated to a high temperature (above 400°C) in order to produce chemical 
bonding between the film and substrate. The chemical bonding, -AI-O-AT-, may be 
formed as a result of dehydration. Subsequent heating at a higher temperature will 
change the film to a crystalline washcoat with desired crystalline species.
In order to form washcoats which are firmly bound to the substrate upon heating, the 
thickness of one coating should be in the range of 0.1-0.3 pm (Sakka, 1989). If 
conditions exist at which the film becomes thicker than 0.3 pm, then the film may peel 
off the substrate wholly or partially. The underlying physics and chemistry of sol-gel 
thin film formation by dip coating can be found in a review by Brinker et al. (1992).
Other liquid-phase coating procedures, such as spin coating and dripping of a solution
on the substrate can also be considered. Particularly, spin coating is the common
method of applying uniform, thin coatings on many types of support, particularly, the
plate. This method differs from dip coating in that the depositing film thins by
centrifugal draining and evaporation. Levinson et a l (1993) found that the film
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thickness was greatly affected by process parameters, such as, spinning rate, spinning 
time, density and viscosity of suspension, and volatility of the solvent.
However, the practicality of these methods may depend on the geometrical shape of the 
substrate. These methods are unlikely to be used for preparing a washcoat on a 
monolith substrate.
Drying and calcining
A composite prepared using any of the above techniques can be dried at a temperature 
ranging from room temperature to 300°C, to remove the excess solvent and then 
converted into the oxide form by calcining at temperatures from 150°C to 800°C. The 
physical properties of a resulting gel are relatively easy to control by changing the 
calcination temperature. In particular, the pore size distribution of a calcined washcoat 
is very narrow.
4.3. Preparation of alumina washcoats by sol-gel method
The alumina sol was dried in two different ways, air-drying and freeze-drying. The
sample preparation scheme studied in this thesis is summarised in Figure 4.5. Zirconia- 
doped alumina was also produced in two different ways by either using zirconium 


















Alumina xerogel Alumina cryogel Zr02 doped alumina xerogel Al20 3/Zr02 xerogel
Figure 4.5. An illustration of the various types of samples that were prepared.
4.3.1. Preparing alumina sol
The alumina sol was prepared in the apparatus illustrated in Figure 4.6. The apparatus 
consist of a glass vessel, magnetic stirrer/heater and condenser. The glass vessel used 







Figure 4.6. Alumina sol synthesis apparatus
Aluminum /-propoxide (98 %, Alfa chemical, Germany) and aluminum sec-butoxide 
(98 %, Alfa) were used as starting materials. Deionised-distilled water was required for 
the hydrolysis. /-Propanol (99%, Aldrich, USA) was used for diluting the alkoxides and 
HCI (IN , Aldrich, USA) was employed as a catalyst for hydrolysis. The alumina sol 
prepared from aluminium /-propoxide was labelled LAB2 and the alumina sol prepared 
from aluminium s-butoxide was labelled LAB3.
The ratio of water to the alkoxides and the ratio of HCI to the alkoxide were 100 and 
0.05, respectively, according to Yoldas (1975). The hydrolysis was carried out at 80°C 
or over in the open glass container until the alumina content reached 1 0  wt% AI2O3 or 
higher. After hydrolysis, the resulting alumina sol was aged at around 90°C with 
complete reflux for a time in excess of 50 hours
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It was possible to purchase an alumina sol, but its commercial use was as a ceramic 
binder and not as a catalyst support. This alumina sol, REMAL®A20 alumina 
dispersion, was obtained from REMET (New York, USA) and its applicability as a 
catalyst support was investigated. The physical and chemical properties as provided by 
the manufacturer are listed in Table 4.2.
Table 4.2. Physical and chemical properties of Remal A20 (Source: RAMET, Co)
AI2O3, wt% 2 0 .0
pH, at 20°C 4.0
Specific gravity, at 20 °C 1 .1 0
Electric charge to particles positive
Crystalline size, A 70
Viscosity, at 25 °C < 50 cps
Surface area, m2/g 180
4.3.2 Coating alumina sol onto a ceramic support
The ceramic monolith substrate was made of cordierite and obtained from Coming Inc. 
(New Jersey, USA). The typical properties of this material are listed in Table 3.3 (in 
Section 3.2).
Samples of monolith were dip-coated in the alumina (AIOOH) gel. After withdrawal, 
the excess sol was removed by blowing with air. The samples were then dried at room 
temperature and calcined at a desired temperature.
4.3.2.I. Uniformity of coating and adhesion: washcoat prepared from an alumina slurry 
versus the sol-gel method
Figure 4.7 presents the SEM images for washcoated monoliths prepared using two 
different methods. In one case the washcoated monolith is prepared with alumina 
slurry, in another the sol-gel method was used. An alumina slurry is usually a 
suspension of alumina powder or of dispersible precursor such as aluminium hydroxide, 
Al(OH) 3 or boehmite, y1 AIOOH. Therefore the properties of the washcoat may be 
highly dependent on the powder characteristics, particularly particle size.
The washcoat prepared from alumina slurry usually has a round shape in the comer of 
the cell because alumina accumulates in the comer of the channel due to the formation
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of a meniscus in the coating process, but the washcoat prepared using the sol-gel 
method is evenly coated on the channel wall. Considering the economy of use of 
washcoat materials, the material in the comer may be a waste. Also, a thicker layer of 
washcoat may cause an increase in pressure drop across the monolith because the 
channel size is reduced by washcoating. A SEM image of a monolith coated with 
alumina slurry is illustrated in Figure 4.7(b) and Figure 4.7(d). The cracks in the 
washcoat have also been reported in the SEM images illustrated in Hayes and 
Kolaczkowski (1997). There is a risk that under operating condition these thin layers 
could fracture, resulting in loss of catalyst/activity.
3m m
Figure 4.7. SEM images of cells: comparison between a washcoat prepared using the sol-gel 
method (a) and (c), and a washcoat prepared by a catalyst manufacturer from an alumina slurry 
(b) and (d).
Adhesion of the washcoat on the porous support takes place by a mechanical 
mechanism, such as anchoring and interlocking of the washcoat particles among them 
as well as with the surface irregularities of the support, and the interfacial forces 
between the washcoat and support material. Agrafiotis and Tsetsekou (2000b) reported
113
that the interfacial forces among the powder particles can be increased by reducing the 
particle size of the washcoat material and may improve the adhesion of the washcoat 
layer on the support. They also reported that there exists a certain threshold value - 
around 5 pm- below that the agglomerate's size has to be reduced.
On the other hand, by using a sol-gel method, a well-adhered washcoat layer can be 
formed in situ upon the walls of the support. The sol has strong interfacial forces with 
the porous support as well as among neighbouring particles. However, there are low 
washcoat loadings per impregnation. Also cracking and subsequent peeling-off of the 
washcoat layer can occur due to the loss of large amounts of volatile compounds during 
the calcination. Sarraco and Montanaro (1995) argued that the penetration of the sol in 
the porous structure of the support could be a problem in applications where the 
structure acts as a filter. However, in catalytic monoliths this may be an advantage as 
the penetration of the sol will act as an anchor for the washcoat layer and consequently 
improve the adhesion of the washcoat to the support.
Figure 4.8 shows SEM images of a washcoat on a cordierite monolith substrate 
prepared using the sol-gel method. It can be seen that the thickness of the washcoat is 
very even, around 3 pm in thickness (Figure 4.8(a) and Figure 4.8(c) shows each side of 
washcoat on the substrate). Some non-uniformity of washcoat is found in the crevice of 
the monolith substrate where the pores have been filled, see Figure 4.8(d) and Figure 
4.8(d). However, this would increase the adhesion of the washcoat layer on the 
monolith substrate by anchoring and interlocking of the washcoat particles with the 







Figure 4.8. A lum ina w ashcoat on cordierite substrate by sol-gel m ethod.
The dip-coating method followed by air blowing was also used to coat the plate samples 
used in the diffusion cell. However, the thickness of the coating was found to be 
uneven. Thus, the method was modified by dipping the plate into the alumina sol and 
then using a spinning technique, which used the centrifugal force to remove excess sol 
from the support. Figure 4.9 shows the apparatus for preparing a washcoat on a 




Figure 4.9. Schem atic o f spinner.
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4.4. Physical properties of the samples
4.4.1. Physical properties of cordierite substrate
The apparent density, the macropore porosity, and the macropore size distribution of the 
cordierite substrate were obtained by mercury porosimetry. The mercury porosimeter 
used was Autopore II (Micrometries, USA) and the experimental method was described 
in Section 4.3.2. The macroporosity and the pore size distribution were determined 
from the cumulative pore volume data obtained by mercury porosimetry. The 
experimental cumulative pore volume data are given in Appendix 3. Table 4.3 lists the 
physical properties of the cordierite substrate used.
The pore size distribution of the cordierite substrate measured by mercury porosimetry 
is shown in Figure 4.10. The median pore diameter was 3.3 pm and the average pore 
diameter was 0.54 pm. The pore volume and the pore area were 0.088cm3/g and 0.652 
m2/g, respectively.
Table 4.3. Physical properties and pore size characteristics of a cordierite substrate.
Composition (wt%) MgO 13.5 ±1.0%
A120 3 35.4 ±1.5%
S i02 49.7 ±1.5%










Porosity Pore diameter, pm




2.48 0.088 0.299 0.297 0 .0 0 2 0.54 0.54 0.003
6
Obtained by N2 adsorption-desorption measurement 
Obtained by mercury porosimetry 
Obtained by a pycnometer
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Figure 4.10. Pore size distribution o f the cordierite m onolith substrate obtained by m ercury 
porosim etry.
4.4.2. Physical properties of washcoated cordierite substrates
After washcoating the alumina on the cordierite substrates (both monolith and plate), 
the pore size distribution was measured by mercury porosimetry. Figure 4.11 shows the 
comparison between macropore size distribution between washcoated and non- 
washcoated cordierite substrates (calcined at 600°C). It was found that the macropore 
sizes decreased after washcoating. The median pore diameter of the coated cordierite 
monolith decreased from 3.3 pm to 2.7 pm and the average pore diameter decreased 
from 0.54 pm to 0.16 pm. For the coated plate, the median pore diameter decreased to
2.2 pm and the average pore diameter was 0.16pm after washcoating. There was a 
difference between these two coated samples, but in both case there was a shift in the 
pore size distribution curve. This may have been caused by the filling of pores with 
alumina gel particles. This can be seen in the SEM images shown in Figure 4.12. The 
alumina gel was found in the macroporous structure of the cordierite substrates.
A nitrogen adsorption experiment was carried out to measure the pore size distribution 
in the range of pore diameters between 1 nm and 100 nm. Figure 4.13 presents the pore
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Figure 4.11. Pore size change as a result of washcoating. The samples were coated once and 
calcined at 600°C. Porosity of cordierite substrate obtained by mercury porosimetry: 29.9 ± 1.2
%.
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Figure 4.12. SEM images showing washcoated cordierite substrates showing the presence of 
alumina gel in the substrate macropores.
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Figure 4.13. Pore size distribution of washcoated cordierite (1st coated) calcined at 600°C: 
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4.4.2.I. Increasing film thickness by the number of coatings
Dip coating followed by spinning was used to prepare the washcoat. The thickness of 
the washcoat and the weight of the sample increased with the number of coatings, see 
Figure 4.14. It was found that the weight increased linearly, but the washcoat hardly 
appeared in the first coating. This may be due to the filling of pores, see Figure 4.10 
and Figure 4.11. After the first coating, the mouth of the pore in the monolith substrate 
became blocked, and then after subsequent coatings a linear increase of thickness was 
observed.
The change of specific surface area and pore volume, as a result of washcoating, was 
also investigated. Figure 4.15 presents the BET specific surface area and pore volume 
of a cordierite plate with different thicknesses of washcoat layers. The surface area and 
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Figure 4.15. The increase of specific surface area and pore volume (for a pore diameter below 
500nm) with an increase in the number of coatings.
1 2 0
Figure 4.16 shows SEM images for a washcoat on a cordierite plate prepared using the 
sol-gel method. The two images, Figure 4.16(a) and Figure 4.16(c), are the washcoated 
cordierite coated twice and the images in the right represent the washcoated plate coated 
four times. It can be seen that there are open cavities in the surface as the surface image 
shows a big pore opening, see Figure 4.16(c). By further coating the surface cavities in 
the porous support become filled and the surface is then covered with a layer of alumina 
washcoat, see Figure 4.16(d).
Figure 4.17 shows the change in the pore size distribution of a washcoated cordierite 
substrate as the number of coating is increased. The pore size distribution was 
calculated using the BJH method from nitrogen adsorption-desorption experiment. The 
average pore size was in the range of mesopores and there was no big change after 
increasing the number of coatings, but the pore volume was increased by the number of 
coatings.
The washcoat layer can be clearly distinguished from the cordierite substrate, see Figure 
4.18. The marked layers in the SEM image were identified by performing EDS (Energy 
disperse spectrometry) analysis. The layer labelled A only contains aluminium (this 
results from the alumina in the spectrum, see Figure 4.18(b)). Figure 4.18(c) illustrates 
the spectrum of the layer labelled B and shows that the layer consists of the cordierite 
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Figure 4.18. X-ray analysis of washcoated cordierite substrate, (a) SEM image A: alumina 
washcoat, B: cordierite substrate, (b) X-ray spectrum of the washcoat labelled "A" and (c) X-ray 
spectrum of the support labelled "B".
124
4.5. Parameters studied
4.5.1. Effect of gel preparation method on washcoat properties
Figure 4.19 illustrates how the physical property of the alumina gel changes with an
increase in calcination temperature obtained by nitrogen adsorption experiment. Two 
alumina gels (LAB2 and LAB3) were compared with a commercial gel (Remal A20) 
obtained from REMET Co. Both LAB2 and LAB3 were prepared by the method 
reported by Yoldas (1976), but different forms of the alkoxides were used as a 
precursor, aluminium /-propoxide for LAB2 and aluminium sec-butoxide for LAB3.
X-ray diffraction patterns of alumina gels, LAB2 and LAB3, calcined at different 
temperatures are shown in Figure 4.20 and Figure 4.21, respectively.
The XRD patterns for alumina prepared using the sol-gel method and calcined at 
different temperatures were compared with the commercially available y-alumina 
powder. As can be seen in Figure 4.22, the alumina gel (LAB3) calcined at 450°C has a 
similar pattern as the 7 -alumina, but the gel calcined at 1000°C is different from the 
y-alumina powder calcined at the same temperature. The alumina gel prepared at 
1000°C was found to be 0-alumina, but the 7 -alumina powder was transformed to a- 
alumina after calcined at 1000°C. It can be concluded that the alumina prepared by sol- 
gel method has a higher thermal resistance than the commercially available form of 
alumina.
Transmission electron microscopy (TEM) was used to investigate the pore structure of 
the alumina gel. Figure 4.23 presents the TEM images of alumina gel (LAB3) calcined 
at 600°C. It is difficult to find any particular structure from this alumina gel calcined at 
600°C, compared with the TEM images (Figure 4.24) for the alumina gel (LAB3) 
prepared by sol-gel method and calcined at 1000°C. This shows a variety of sizes and 
shapes of pores. The largest pore is around lOOnm, but the rest are much smaller. As 
can be found in the pore size distribution calculated by BJH method, the pore sizes lie 
between 5nm and 20nm with an average value of 10 nm.
125
4 0 0  T
Lab2






H  1 0 0 -  
CQ
R em al A 20
350 5 5 0 7 5 0 9 5 0 1150
Calcination tem perature (°C)
( b )
Ee










350 5 5 0 7 5 0 950 1150
Calcination tem perature (°C)
Figure 4.19. Comparisons between a commercial alumina gel (Remal A20) and two alumina 
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Figure 4.21. XRD patterns of alumina gels (LAB3) calcined at different temperatures.
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Figure 4.22. C om parison betw een alum ina gel prepared by the sol-gel m ethod and alum ina 
pow der obtained from  A lfa chem ical Co.
(a) (b)
Figure 4.23. TEM  im ages o f alum ina gel (LAB3) calcined at 600°C: (a) M agnification: 
x  100,000, (b) M agnification: x250,000.
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Figure 4.24. TEM images of non-supported alumina washcoat, LAB3 calcined at 1000°C 
(Magnification: x 100,000).
Finally, the change in porosity with calcination temperature was also studied. The 
apparent density of the alumina gel (LAB2) was measured using the pycnometer 
(Appendix 5) and the pore volume was obtained from the nitrogen adsorption 
experiment (Appendix 4). The apparent density and the pore volume of the alumina gel 
calcined at different temperature are presented in Table 4.4. The apparent density of the 
alumina gel measured in this study was found to be similar as the density of alumina 
found in the literature. Within experimental errors, the density is constant. The average 
density of the alumina gel (LAB2) and the value found in literature was 4.01 g/cm3 and 
3.96 g/cm3, respectively.
Based on the two parameters, the porosity was also presented in Table 4.4 and Figure
4.25. It can be seen that the porosity of the alumina gel decreases at a calcination 
temperature of about 1000°C. It is postulated that this is due to the phase change of the 
alumina, as 7 -AI2O3 is transformed to 6- AI2 O 3 and then transformed to a- AI2 O 3 .
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450 3.93 0.360 0.591 3.65 285.3
600 3.91 0.372 0.599 4.29 235.1
800 4.24 0.353 0.586 5.2 176.1
1 0 0 0 4.27 0.229 0.480 7.5 90.5
1 1 0 0 3.89 0.056 0.184 20.95 9.3
1 2 0 0 3.84 0.018 0.067 37.86 5.3
Porosity = pore volume/(pore volume + 1/average apparent density). Note: the average value 























Figure 4.25. Porosity change of alumina gel with an increase of calcination temperature. 
Average density: 4.01 g/cm3.
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4.5.2. Investigation of a freeze-dried alumina gel
In order to investigate the effect of drying (gelation) conditions on the properties of the 
gel, two extreme different drying conditions were studied, drying at atmospheric 
(xerogel) and freeze drying (cryogel). Xerogels were prepared by drying about 20 ml of 
pure alumina sol in a petri dish at room temperature in air for a few days. To prepare 
cryogels, about 1 ml of pure alumina sol was poured into a metal container ( 1 0  mm in 
diameter, 10 mm long) and this was then dipped into liquid nitrogen (T=77K) to freeze 
the sol. Then the solvent (water) was sublimated with phosphorous pentoxide (Aldrich, 
98%) in a freeze drying unit (BOC Edwards, England). The sublimation was made 
under a residual pressure of 10' 3 mmHg and lasted for about 15 hours at a temperature 
of about -60°C.
The purpose of experimenting with freeze-drying, was to see whether an alumina 
washcoat could be produced that did not shrink or crack. However, the resulting gel 
produced a gigantic flake structure of a quite different appearance as shown in Figure
4.26. Attempts to freeze-dry gels typically result in flakes or in translucent bodies with 
large pores that are the fossils of the crystal (Brinker and Sherer, 1990). Mostly, freeze- 
dried gels have been used to produce a fibre of ceramic materials by freezing uni- 
directionally, such as silica fibres (Mahler and Bechtold, 1980), alumina fibres (Maki 
and Sakka, 1986), and zirconia fibres (Kokubu et al., 1988).
Although it is not intended that this study be limited to any particular theory relevant to 
freezing gels, the alumina freezing gel may be formed in the following manner. Growth 
of ice in a cellular substructure is accomplished by advancing the solid-liquid interface 
through the body of aqueous boehmite (AlOOH) particles at a rate, which provides a 
region of constitutional supercooling ahead of the advancing interface. As ice forms at 
the interface, it rejects the solute thus increasing the concentration of solute in the body 
of aqueous boehmite peptide ahead of the solid-liquid interface. Since the concentration 
of solute in the body of aqueous boehmite peptide is greatest at the interface, the 
temperature at the interface is below the freezing temperature of the body of aqueous 
boehmite peptide everywhere except at the interface.
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Figure 4.26. SEM images of a flake-like alumina gel prepared by freeze-drying.
Freezing of ceramic colloids has been widely discussed (e.g. Scherer, 1993; Statham et 
al., 1998), but all morphological description of the products have been of small 
particulates, especially powders, flakes, ribbed flakes, interconnected cells, and 
granules. The variables determining the product morphology include the concentration 
of solutes, extent of polymerisation, pH, freezing temperature and freezing rate.
In this study, the freezing of the alumina sol (10 wt% AI2O3) was carried out in the 
following steps:
Dip-coating the cordierite monolith with alumina sols.
Dipping the coated monolith in liquid nitrogen (T=77K).
Freeze drying the coated monolith at -60°C for 20 hours.
• Calcining the freeze-dried gel on monolith at 450 °C.
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The alumina coating produced by freezing was examined by SEM. The coating 
consisted of many layers of plates, ridged on one side and flat on the other. The 
thickness of the plate was between 0.8 |im and 2 pm. The freeze-dried alumina 
calcined at 450 °C was found to be 7 -alumina (confirmed with XRD). The XRD pattern 
of the freeze-dried alumina is similar to the pattern of the xerogel as shown in Figure 
4.20.
The nitrogen adsorption-desorption isotherm for the nonsupported alumina cryogel 
calcined at 450°C is Type IV, see Figure 4.27(a), which indicates that it has a 
mesoporous structure. The BET specific surface area of the sample was 282m2/g and 
the average pore diameter was 2.8 nm, with a pore size distribution as shown in Figure 
4.27(b). Compared to the xerogel calcined at 450°C (BET surface area=295.7 m2/g, 
dp=3.2 nm), both the BET specific area and the average pore diameter are close to the 
value for the xerogel with little deviation.
In a similar manner, the nitrogen adsorption-desorption isotherm and the pore size 
distribution of an unsupported freeze-dried gel are presented in Figure 4.28. It can be 
seen that the pore size distribution of a freeze-dried gel on a cordierite is close to the 
unsupported one with an average pore diameter of 3.1 nm. The characteristics of the 
freezing gel have no great change whether or not it is coated on the cordierite support. 
Therefore, it can be concluded that the characteristics of the freezing gel are determined 
by the nature of the starting material, and calcination temperature and are independent 
of the drying methods.
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Figure 4.27. Nitrogen adsorption experiment for freeze-dried alumina calcined at 450°C: (a) 
nitrogen adsorption-desorption isotherm, (b) pore size distribution obtained from BJH 

















Figure 4.28. Nitrogen adsorption experiment for freeze-dried alumina on a cordierite monolith 
substrate calcined at 450°C: (a) nitrogen adsorption-desorption isotherm, (b) pore size 
distribution obtained from BJH desorption. BET surface area: 5.8 cm3/g, dp = 3.1 nm.
In summary, this part of the work was initiated to explore the validity of using freezing 
gels (or cryogels) in a catalyst application, as an alternative to xerogel. The cryogel was 
prepared using the same alumina sol as that used to prepare the alumina xerogel 
washcoat. The physical properties of the cryogel were found to be similar to the 
xerogel. The geometrical structure (macroporous structure) can be changed by the 
drying method.
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Therefore, this cryogel can be used as a washcoat, where a high intraphase diffusion 
resistance exists, e.g. in high temperature catalytic combustion. This is because the 
cryogel generates a higher geometrical surface area than a xerogel, see Figure 4.29.
(a) (b)
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Figure 4.29. SEM images of an alumina cryogel on monolith from alumina sol (LAB2).
The sample was also examined by SEM at different angles as shown in Figure 4.30. 
The freeze-dried gel was also found to have anchored itself in the pores of the cordierite 
support. The void is the space where the water crystals existed and the shape and the 
size of them varies.
136
1 S K M
1 0  I-’ m





Figure 4 .3 0 . SEM  im ages o f  alum ina cryogel on m onolith with a different angle from  Figure 
4 .29 . (a) M agnification: x 4 0 , (b) M agnification: x430 , and (c) M agnification: x55 0 .
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4.5.3. Effect of sintering temperature on characteristics of alumina washcoat
Specific surface area, average pore size and pore size distribution were measured using 
a nitrogen adsorption instrument, ASAP 2010 (Micrometries, USA). Element analysis 
with XRD was also carried out.
As the calcination temperature is the main parameter for determining the physical 
properties of a washcoat material, the effect of calcination temperature on the 
characteristics of a washcoated cordierite plate was investigated. This was analysed by 
measuring the specific surface area and pore size of the washcoat. The dried gel was 
calcined at different temperatures using an electric furnace. The sintering time was 
fixed to 20 ± 2 hours. The calcination temperatures used in the study were 450, 600, 
800, 1100, and 1200°C. As a phase change is taking place at certain temperatures, the 
calcined samples were compared with a reference sample obtained from Alfa Johnson 
Matthy pic (Herefordshire).
Figure 4.31 presents the nitrogen adsorption-desorption isotherms carried out for a 
washcoated cordierite monolith calcined at different temperatures. The isotherms have 
a hysteresis loop, which indicates the existence of a pore structure. It can be seen that 
the hysteresis loop occurs between 0.4 and 0.9 of relative pressure, and the extent of the 
loop become narrower with increasing calcination temperature. This may be due to the 
changing pore structure. The BET specific surface area of the washcoat monolith 
decreases with increasing calcination temperature and it can be seen that a sudden drop 
of surface area occurs at around 900°C, see Figure 4.32. Figure 4.33 illustrates the pore 
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Figure 4.31. Nitrogen adsorption data of washcoated cordierites: calcined at different 
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Figure 4.32. Surface area and average pore size for w ashcoated m onolith (coated 4 times with 













Figure 4.33. Pore size distribution o f w ashcoated cordierite plates calcined at different 
tem peratures.
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4.5.4. The effect of doped ZrC>2 on the alumina washcoat
The thermal stability of an unsupported alumina washcoat was investigated by 
determining the pore size distribution, average pore size, pore volume, and surface area 
as a function of sintering temperature and the content of dopants. In general, composite 
metal oxides have a higher thermal stability than pure metal oxides. Zirconia was used 
as a dopant to prepare an Al20 3 -ZrC>2 composite.
Two different ways to prepare the composite were considered:
1. Gels were formed from an alumina-zirconia sol complex, by using aluminium i- 
propoxide and zirconium rc-propoxide as precursors before the sol synthesis 
process.
2. Gels were formed from an alumina sol mixed with different amounts of zirconium 
nitrate. The ratio of zirconium to alumina was 5, 10, 15, and 20 wt% of 
Zr0 2 /Al2 0 3 .
Zirconium «-propoxide (98%) was purchased from Johnson Matthey pic (Herefordshire, 
UK). Zirconium nitrate was obtained from MEL chemicals (Manchester, UK) which is 
a clear, acidic solution containing the equivalent of approximately 2 0  wt% Z r02.
The samples were also calcined at different temperatures (450, 600, 800, 1000, and 
1200°C) and characterised with ASAP2010. The results were compared with the results 
obtained for pure alumina.
Although the transition aluminas (y~, S-, 0-alumina) have been used extensively as 
catalyst supports, use of these materials is limited at high temperatures. This is because 
a drastic decrease in specific surface area occurs as a result of the transformation of the 
metastable phase of alumina into the a-alumina form, which is the only 
thermodynamically stable phase. The temperature of the transformation is influenced 
by various factors such as particle size and morphology, crystalline forms, the nature of 
the gaseous atmosphere, additives, etc. Additives can influence the kinetics of the 
phase transformation by both accelerating and inhibiting. Since the thermal stability is 
due to the retardation of phase transformation, the additives with an inhibiting effect are 
of interest in this work. Additives of this kind include Mg2+, La3+, Zr4+ (Schaper and Van 
Reijen, 1982; Schaper et al., 1983). A kinetic study on the effect of the additives on the 
phase transformation was carried by Burtin etal. (1987).
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Zirconium ions were chosen to increase the thermal stability of the transition alumina 
catalyst support. The influence of zirconia additives on the thermal stability of alumina 
film prepared using the sol-gel method was investigated, in respect of the changes in 
surface area and pore size distribution. The zirconium-doped alumina was prepared in 
two different ways as described earlier. Figure 4.34 presents a comparison between 
zirconia-doped alumina gels, which were prepared in different ways and calcined at 
different temperatures. The plot labelled 'LAB3+Zr nitrate' corresponds to the catalyst 
support prepared by mixing alumina sol (LAB 3) with an aqueous solution of zirconium 
nitrate. The plot labelled 'Al/Zr sol' refers to that prepared by hydrolysis of the mixture 
of aluminium z-propoxide and zirconium n-propoxide.
The doped alumina gel prepared by hydrolysis of zirconium n-propoxide was similar to 
the pure alumina gel. Therefore, the doped zirconia does not influence the specific 
surface area and the pore size distribution of alumina gel. It can be postulated that this 
is due to the incomplete hydrolysis of zirconium n-propoxide, as some white 
precipitates were found in the alumina/zirconia sol.
However, the doped alumina with zirconium nitrate was found to be more thermally 
stable as the changes of the specific surface area and the pore size distribution were 
smaller compared with the pure alumina gel. This may be because the nitrate is evenly 
dispersed in the alumina sol. However, Meijers et al. (1991) prepared a ZrO/SiOj 
catalyst, using zirconium ethoxide as the zirconia precursor and postulated that the 
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Figure 4.34. Comparison between zirconia-doped alumina gels which were prepared in two 





















Figure 4.35. Pore size distribution for the zirconia-doped alumina gel prepared by hydrolysis of 
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Figure 4.36. Pore size distribution for the zirconia-doped alumina gel prepared by mixing 
alumina sol (LAB3) with an aqueous solution of zirconium nitrate.
Average pore diameter and BET surface area for the pure alumina, for the alumina with 
different amounts of doped zirconium and for the pure zirconia at different calcination 
temperatures after 20 hours, are listed in Table 4.5. The specific surface area depends 
on the composition of the sample as shown in Figure 4.37. The highest BET surface 
area (295 m2/g) was found in the sample of pure alumina calcined at 450°C. The 
difference between the samples became less marked at higher calcination temperatures, 
but for the alumina washcoat calcined at 1100°C zirconia-doped alumina samples had 
the high BET surface area and the sample containing 20 wt% zirconia had the highest 
surface area (29.2 m2/g). This was due to the retention of 0-Al2O3 as shown by the XRD 
pattern. The effect of calcination temperature on the pore volume of the alumina 
washcoats is presented in Figure 4.38. In general, the pore volume decreases with an 
increase in calcination temperature and at about 1000°C a sudden decrease in pore 
volume was observed. The smaller pore volume of the zirconium-doped alumina 
washcoat at temperatures lower than 900°C was probably due to the filling of pores with 
zirconia (that has a lower surface area). The surface area shrinkage and pore volume 
densification with increasing sintering temperature are a common phenomena for 
alumina (Schaper & van Reijen, 1982; Lin et al, 1991). The alumina washcoat with 5 
wt% zirconia was found to be less stable than pure alumina at temperatures higher than 
1000HC, in respect of pore volume and surface area. The increase in the pore size of the
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alumina washcoats is less significant at calcination temperature lower than 1000’C, but 
more significant at temperatures above 1000°C, see Figure 4.39. In general, the stability 
of pore size is improved by adding zirconium. The higher the amount of zirconium, the 
more stable the pore sizes are. However, the pore volume and the specific surface area 
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Figure 4.37. Effect of doped zirconia precursor (zirconium nitrate) on specific surface area of 
alumina washcoat (LAB3).
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Table 4.5. Average pore diameter, dp, and BET surface area, S, for the pure alumina, alumina with different amounts of doped zirconium, and pure zirconia at 
different sintering temperatures after 2 0  h.
Temp
(°C)
Dure AECK 5 wt% ZrCWAloOi 10 wt% ZrOJAECb 15 wt% ZrOo/AloCh 2 0  wt% ZrOo/AEOi pure ZrO
S (m2/g) dD (nm) S ( m \ ) dD (nm) S (m2/g) dD (nm) S (m2/g) (nm) S(m2/g) (nm) S(m2/g) d* (nm)
450 295.7 3.16 262.2 3.6 243.5 2.46 209.7 2.13 198.9 2.14 44.2 6 .6 6
600 250 3.92 232.6 3.2 - - 162.8 3.67 - - 20.1 12.18
800 170.9 5.54 175.7 4.1 162.8 3.67 70.2 5.33 135.2 3.2 7.5 19.3
900 133.0 5.15 137.4 4.7 125.2 7.33 - - 96.7 3.51 - -
1000 8 8 .6 7.22 75.3 7.7 80.5 5.2 59.2 4.25 34.8 3.3 1.4 13.59
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Figure 4.38. Effect of sintering temperature on pore volume for zirconium-doped alumina 
washcoat prepared using different doping amounts. Zirconia precursor: Zirconium nitrate.
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Figure 4.39. Effect of doped zirconium nitrate on the pore size distribution (BJH desorption) of 
the alumina washcoat.
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Figure 4.40 shows the X-ray diffraction patterns for zirconia-doped alumina washcoat 
calcined at different temperatures. The XRD pattern for the washcoat calcined at 450°C 
is similar to the one without zirconia. However, the pattern for the washcoat calcined at 
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Figure 4.40. X-ray diffraction patterns for the zirconia-doped alumina washcoats sintered at 
different temperatures.
Figure 4.41 presents the X-ray mapping images for zirconia-doped alumina washcoats 
on the cordierite substrate. Washcoat layers can be distinguished from the cordierite 
substrate (Mg0-Al20 3-Si02), the mixture of alumina, silica and magnesia. The 
washcoat layer can be clearly recognised in the SEM image shown in Figure 4.41(a). 
The doped zirconia is found only in the washcoat layer, see Figure 4.41(b). It can also 
be seen that the alumina in the washcoat is more densely populated than in the cordierite 
substrate, see Figure 4.41(d). In comparison, Figure 4.41(c) and Figure 4.41(e) shows 





Figure 4.41. SEM image and X-ray mapping of specimen Zr-doped alumina calcined at 600°C: 
(a) SEM image, (b) Zr, (c) Si, (d) Al, and (e) Mg.
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4.5.5. Effect of a drying additive
In order to prevent cracking of the alumina washcoat during the drying stage, 
formamide (98%, Aldrich) was added into the alumina sol as a drying control chemical 
additive (DCCA). This was added into alumina sol drop by drop in a stirred vessel and 
the total amount added was 0.1 wt%. The changes of physical properties were 
investigated by a nitrogen adsorption experiment. Cracking was investigated using 
scanning electron microscopy (SEM).
The addition of formamide did not have an influence on the characteristics of the 
alumina washcoat, see Figure 4.42. However, there were less cracks in the washcoat 
layer, see Figure 4.44. This can be noticed from a comparison with the washcoat 
prepared from formamide-free alumina sol, which was shown in Figure 4.43.
It can be concluded that the addition reduces the tendency for cracks to form in the 
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Figure 4.42. Effect of formamide on the characteristics of an alumina gel. The plot labelled 





(b) Surface view(a) Section view
Figure 4.43. SEM images of an alumina gel (LAB2) on monolith.
(a) (b)
Figure 4.44. SEM images of alumina washcoat on cordierite substrate after adding formamide 
as a DCCA. (a) and (b): a section view of each side, (c) and (d): the surface view of (a) and (b), 
respectively.
151
4.5.6. Addition of active catalyst
Although the alumina washcoat was prepared as a catalyst support, it was necessary to 
investigate how the characteristics of the support might change after adding active 
catalysts. To achieve this, platinum were chosen and deposited on the washcoat. There 
are a variety of ways to prepare catalysts and the preparation of catalysts has been 
considered by some researchers as an art rather than science (Delmon et al., 1976). 
According to Delmon et al. (1976), “there are two over-repeated explanations for this 
fact: 1) catalyst manufacturers are reluctant to reveal secret preparation details, many of 
which are of great importance; 2 ) catalyst fabrication is trial and error, foreman's know­
how and tradition, and is not amenable to scientific analysis.” The preparation 
techniques of metal catalysts on porous substrates can be broadly categorised into two 
groups, precipitation method and impregnation method.
(a) Precipitation methods
This method is frequently employed in the preparation of single- and multicomponent 
catalysts and applicable to materials, such as the hydrous oxides, sulphides, carbonates 
(Ciapretta and Plank, 1954). In general, it starts with aqueous solutions of the desired 
constituents and adds the required precipitating agents. According to Ciapretta and 
Plank (1954), the use of nitrates are generally recommended because other anions {e.g. 
chloride or sulphate) sometimes act as catalyst poisons or inhibitors if they are present 
in the final products.
(b) Impregnation methods
The technique of impregnating an active catalyst component on an inactive support is 
the simplest method of producing a catalyst. Impregnation of a support normally 
involves the use of a soluble compound of the desired constituent dissolved in a liquid, 
usually water. The method of catalyst preparation may involve the following steps:
(a) Evacuating the support.
(b) Contacting the support with the impregnating solution.
(c) Removing the excess solution.
(d) Drying.
(e) Calcination and activation.
Frequently, it is necessary to add a precipitation and washing step either before or after
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drying. Evacuation of the support prior to contacting it with the impregnating solution 
provides a more uniform distribution of the active catalyst component.
In the case of preparation of a catalyst containing platinum or palladium, an acid 
solution of the metal chlorides, e.g. chloroplatinic acid, or from the alkali metal salts of 
this acid, e.g. sodium chloroplatinate, are widely used. It is important that the catalyst 
metal is reduced from its salt on the surface of the alumina. The impregnated support is 
dried at about 110°C and reduced in a hydrogen atmosphere between 100 to 500°C. 
The reduction of precious metals (e.g. Pt, Pd) from the chloride can proceed according 
one of the following reactions showed in Figure 4.45.
Reduction of platinum salts
H^PtCb  +NH„NH^  - >  Pt + N„ +6 HCl  2 o 2 2 2
H^PtCP + ± N H . N H ~  -> Pt + ± N . + 4 H C l  2 4 2 2 2 2 2
Figure 4.45. Reduction of rare earth metals from chloride (adapted from Retallick, 1988).
When a solution of tkPtCle or F^PtCU is added first to alumina, and then hydrazine is 
added, the reduction is indicated by the colour of the alumina, which changes from 
white to black or grey with a time lag. The same is observed when the hydrazine is 
added first, followed by the platinate (Retallick, 1988). In general, a catalyst is 
impregnated on the washcoat after the sample has been calcined, otherwise some of the 
catalyst may be trapped inside the pores, as the alumina starts to sinter at elevated 
temperatures in the calcination process.
Development of the preparation methods of a catalyst for a catalytic combustion 
application is outside of the scope of this work. However, it would be interesting to 
know how the pore structure is changing after depositing catalyst onto the washcoat. 
This in turn may affect the effective diffusivity.
In this work, platinum was chosen in order to examine the change to the pore structure 
of the washcoat. This work focused on two features:
1. To examine the specific surface area change and pore size distribution change by
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nitrogen adsorption-desorption study.
2. To examine the distribution of an active catalyst and the particle size of the catalyst 
by microscopic study (SEM-EDS, XRD, TEM).
Platinum catalyst was deposited by reduction of hexachloroplatinic acid (EkPtCle, 
»37.5% Pt, Aldrich) with hydrazine (NH2NH2,, 64%, Sigma). To prepare 1 wt% Pt on 
alumina gel, the alumina gel was calcined at 600°C and then degassed before dipping 
into 10 wt% hexachloroplatinate solution. After dipping for a couple of minutes, it was 
then dried at 100°C for 2 hours. The platinate-impregnated alumina gel was yellowish 
in colour. This was dipped into 1 wt% hydrazine solution to reduce the platinate to 
metallic platinum. The reduction was noticed by a change in colour from yellowish to 
dark grey. The Pt-impregnated alumina gel was washed and dried. The samples were 
then characterised using the nitrogen adsorption experiment apparatus, ASAP2010 and 
investigated further with XRD, SEM-EDS, and TEM.
4.5.6.I. Comparison between an alumina washcoat and a platinised alumina washcoat.
A comparison was made between the microstructure of alumina washcoat and its 
platinised film in terms of the structural change of the washcoat after depositing 
platinum catalyst. Figure 4.46 presents the nitrogen adsorption-desorption isotherms of 
an alumina washcoat and a platinised alumina washcoat. Both have the same isotherm 
with the hysteresis loop appearing over the same range of relative pressures. However, 
the pore volume decreased by 9 % after the addition of platinum as the pore volume of 
alumina gel and platinised alumina gel are 0.322 cm3/g and 0.295 cm3/g, respectively. 
In Figure 4.47, the pore size distribution curves of both samples have overlapped with 
little change in the peak size. It can be concluded that the pore structure did not change 
much, even though the pore volume deceased when the platinum was added.
Figure 4.48 presents the X-ray diffraction patterns for both the alumina washcoat and 
the platinised washcoat calcined at 600°C. It can be seen that the peak for metallic 
platinum appears in a platinised washcoat as compared with the reference sample 
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Figure 4.46. N itrogen sorption isotherm s o f an alum ina gel (LA B 3) calcined at 600°C  and its 
platinised alum ina gel (Pt+Lab3). Pore volum e o f alum ina gel and platinised alum ina gel are











Figure 4.47. Pore size distribution determ ined by the BJH m ethod for an alum ina w ashcoat and 
a platinised alum ina w ashcoat calcined at 600°C.
The clear peaks of metallic platinum may be more visible, because platinum particles
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are more populated in the surface of the washcoat than in the pores. The transport of 




Figure 4.48. X-ray diffraction patterns for alumina gel (Lab3) and platinised alumina gel 
calcined at 600 °C for 20hr.
In Figure 4.49, a TEM image shows the distribution of platinum particles in the alumina 
washcoat. It can be seen that platinum particles were evenly dispersed in the alumina 
gel. The platinum particles were identified using EDS analysis. Figure 4.49(c) presents 
the spectrum of the white background area, and the spectrum of the black dotted areas is 
shown in Figure 4.49(d). The platinum aggregates vary in their diameter as shown in 
Figure 4.49(b). As the process of depositing platinum on the washcoat is a result of the 
reaction of two reactants, platinum salt and hydrazine, the area having a large platinum 
aggregate may be due to easy access of the reactants into the pores. Allowing a longer 
dipping time in the platinum salt solution may result in the formation of larger platinum 
aggregates. This is because a longer dipping time allows more platinum salts to diffuse 
into the pores of the washcoat. This can be supported by the finding of XRD 
investigation in which there is a distinctive platinum peak in the XRD pattern as shown 
in Figure 4.48. This can also be seen in the X-ray map of platinum on alumina 




Figure 4.49. TEM  im ages and X-ray analysis data o f specim en Pt on Lab3 calcined at 600°C: 
(a) T E M  image, M agnification: x  100,000, (b) TEM  image, M agnification: x500,000, (c) area A: 
w hite and (d) area B: dark spot.
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Figure 4.50. X-ray m apping im age for platinum  im pregnated alum ina gel calcined at 600°C:
Left top: Al, Right top: Pt, Left bottom : Au, and Right bottom : SEM  image.
Conclusions
•  Use of the sol-gel method enables a uniform layer of washcoat to be deposited on 
the surface of a cordierite support. However, the washcoat loading per coating is 
relatively low, but it can be built up in a number of layers.
•  Using the sol-gel method, the relative weight of sample increases in a linear manner 
with the number of coatings. After the first coating, the washcoat penetrates the 
pores and does not contribute to the thickness of the layer. After subsequent 
coatings, the thickness of the layer increases in a linear manner. Surface area and 
pore volume also increase in a linear manner.
•  BET surface area decreases with calcination temperature and average pore diameter 
increases rapidly above a temperature of 900°C. These will have a significant 
impact on the effective diffusivity of components in the washcoat.
•  Properties of cryogels (freeze-drying gels) and xerogels were compared. It was
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shown that calcination temperature had more of a significant effect on the final 
properties of the washcoat than the method of drying.
•  The addition of zirconia increases the stability of the pore size distribution, 
however, both pore volume and surface area decrease as zirconia content is 
increased. Addition of zirconia will affect effective diffusivity of components in the 
structure.
•  In experiments, when 1 wt% platinum was added, the cumulative pore volume 
decreased by 9%, but pore size distribution was not affected. The addition of a 
catalyst may have a small effect on the effective diffusivity of components in the 
washcoat.
•  The addition of 0.1 wt% of a drying additive was shown to reduce the tendency for 
cracks to form in the washcoat, without a significant reduction in surface area or 
change in average pore size.
•  For the sol-gel to be used in the studies in the following chapter, the following 
characteristics have been selected:
- Calcination temperature: 450 °C, 600 °C, 800 °C, and 1000 °C
- Average pore size (mesopore): 3.6 nm (450 °C), 4.3 nm (600 °C), 5.5 nm
(800 °C), and 7.5 nm (1000 °C)
Pore volume: 
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Chapter 5. M easurement of Effective Diffusivity Using the Steady State 
M ethod
Using the sol-gel technique, plate samples from the cordierite were prepared and the 
series of experiments performed in this chapter is summarised in Figure 5.1. The steady 
state method described in Section 3.5.2 was employed. Operating conditions are 
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Figure 5.1. Schematic describing the link between the experiments in Chapter 5 (note: this links 








• Inlet : N2
• Flowrate of N2 (Fi) = 10 ~ 13
cm3/s
LOWER CHAMBER
• Inlet: Mixture of hydrocarbon and N2
• Total flowrate (F2): same as Fi
• Molar flowrate of hydrocarbon: 3.0x1 O'4 
-  4.0x10"4  mol/s
• Operating temperature = 353 ~ 548
• Operating pressure = 1.35- 1.5 bar
• Pressure differential = ±1 mbar
• Specimen : cordierite substrate 
Cross sectional area : 45 mm2 
Thickness : 0.25 mm
Average pore diameter: 0.54 pm
K,
Figure 5.2. Operating conditions for the steady state m ethod.
5.1. M easurem ent of effective diffusivity in uncoated cordierite substrate
A  se t o f  e x p er im en ts  w a s p erform ed  on  th e u n co a ted  su b strate  to  a s s e s s  th e  in f lu e n c e  o f  
c o m p o s it io n  and tem p eratu re on  th e v a lu e  o f  e f f e c t iv e  d if fu s iv ity  and h o w  it co m p a re s  
w ith  v a lu e s  from  th e u se  o f  a ran d om  p ore m o d el (e.g. W a k a o  &  S m ith , 1 9 6 2 )  and a  
p ara lle l p ore m o d e l (e.g. J o h n so n  &  S tew a rt, 1965 ).
P h y s ic a l p rop erties o f  th e  co rd ier ite  w er e  d eterm in ed  in  S e c t io n  4 .4 .1 .  In su m m a ry , the







Porosity Pore diam eter, pm
area 
, m2/g
total macro m icro A verage m acro m icro
0.65 2.48 0 .088 0 .299 0.297 0 .0 0 2 0 .5 4  0 .5 4 0 .0 0 3 6
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5.1.1. Effective diffusivity of C5-C8 paraffins
A mixture of hydrocarbon and nitrogen was fed into the lower chamber and a flow of 
nitrogen was maintained in the upper chamber. Details of the apparatus were provided 
in Figure 3.9. The results of these experiments are shown in Table 5.1 and plotted 
against temperature in Figure 5.3.
Table 5.1. Experimental effective diffusivity of C5-C8 n-paraffins.
T (K)
Effective diffusivity (cm /s)
n-Pentane n-Hexane n-Heptane n-Octane
353 0.00289±3.5xl0'4 - - -
373 0.0030912.2x1O'4 - - -
398 - 0.0027311.3X10"4 0.0019611.8xl0'4 -
403 - - 0.002111.2X10-4 0.00116H.8X10"4
423 0.00360±4.5xl O'4 - 0.0021211.4 x l0 4 -
448 0.0030511.3xl0'4 0.0022511.8x1O'4 0.0014915.7x10'5
473 0.0043514.4x1O'4 - 0.002612.7x10‘4 -
498 - 0.0034511.4x1 O'4 - 0.0016019.8xl0'5
523 0.0049515.0x1O'4 - 0.0028511.4xl0"4 -
548 - 0.0040811.8xl0'4 - 0.0018711.3x1O’4
As expected, for the w-paraffins, the effective diffusivity decreases with an increase in 
molecular weight. This may be due to difference in the physico-chemical properties of 
the species, particularly, molecular weight and characteristic length. The molecular
diffusivity estimated by Lenard-Jones expression shown in Equation 2.2 is inversely
-1/2proportional to the square root of the molecular weight (M ), the square of the 
characteristic length ( g Ab )  and the diffusion collision integral ( n D).  The parameters for 
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Figure 5.3. Temperature dependence of the effective diffusivity of C5-C8 n-paraffins in the 
uncoated cordierite substrate.







n-Pentane 36.3 72.15 5.769 345
w-Hexane 69.0 86.18 5.909 413
n-Heptane 98.4 1 0 0 .2 1 8 .8 8 282
tt-Octane 125.7 114.23 7.451 320
Nitrogen -195.8 28 3.617 91.5









From data on porosity and pore diameter, it is clear that in the cordierite substrate 
macropores are dominant, therefore, bulk diffusion should prevail. Making use of 
Equation 2.2 and Equation 2.4:
values of D ka  and D ab  were calculated and are compared with experimental values. As 
the solid has a bi-disperse structure, two Knudsen diffusion coefficients can be defined. 
They are Dkao, the Knudsen diffusivity of species A in macropores (based on average 
macropore radius, ra), and D kai, the Knudsen diffusivity of species A in the micropores 
(based on average micropore radius, rt). From this data, it is clear that values of Dab are 
smaller than Dkao, but greater than Dkm- However, none of the values are close to the 
measured values. It is noted that Dab is about 30 times greater than measured values. 
This is clearly illustrated in the values of Dka and Dab presented in Figure 5.4. It is 
worth noting that in the reference (Hirschfelder et al., 1954) the values of g Ab  and Qd 
for H-heptane have been determined using a different method than that for the other 
hydrocarbons. This may explain why calculated values of D Ab  appear to be smaller for 
rc-heptane than those for «-octane.
The temperature dependence of molecular diffusion is T3/2 according to the theory based 
on the Lennard-Jones potential and the ideal gas law, although experimental data show 
them to be slightly different. Seager et a l (1963) reported experimental binary 
diffusion coefficients of gas-gas and gas-vapour mixtures up to 523 K and used a least 
square analysis to obtain the exponent (m) in assumed 7™ dependence of the diffusion 
coefficients. The average value for all gases yields m -  1.70 and the average value for 
all vapours is also 1.70. For the microporous diffusion represented by Knudsen 
diffusion, the temperature dependence is Tm, as shown in Equation 2.4.
Pore diffusion occurs mostly in the transition diffusion regime so the exponent for 
effective diffusivities may be between two values. Yang & Liu (1982) reported the 
exponent for temperature dependence of effective diffusivities of between 1.1 and 1 .2  





diffusivities of H2/N2, C 0 2/N 2 and CH4/N 2 in an a-alum ina pellet, which had a porosity 
of 0.39 and an average pore diameter of about 300 nm. They reported that their 
exponents were 1.06, 1.14 and 1.21, respectively.
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Figure 5.4. Experiments for the cordierite support: Comparison between measured effective 
diffusivity and calculated molecular diffusivity and Knudsen diffusivity.
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The temperature dependence of effective diffusivities is presented in Table 5.3 and 
Figure 5.3. The values lie between 1.7 for molecular diffusion and 0.5 for Knudsen 
diffusion. This means that the diffusion is dominated by molecular diffusion as the 
cordierite substrate consists mainly of macropores.
Table 5.3. Temperature dependence of effective diffusivities of C5-C8 ^-paraffins.
Components Temperature dependence
«-pentane (C5H12) 8 .6 x ia 7 f 3S
«-hexane (C6H14) 1.6xlCr6T124
«-heptane (C7H16) 7.1x1 O'7 T133
«-octane (CgHig) 2 .6 x l0 10 f Al
5.1.2. Comparison with the models
The results of theoretical calculations using a parallel pore model and a random pore 
model were compared with experimentally determined De. The parallel pore model 
described by Johnson and Stewart (1965) can be applied to a mono-disperse material 
(material consisted of pores of one size range only). The governing equation in the 
Johnson-Stewart model is:
D =  K  In \ W a / M b)u2+DabIDka} (214)
The random pore model developed by Wakao and Smith (1962) is a model that is 
frequently used for a bi-disperse material (this consists of a structure with two distinct 
sizes of pores). The Wakao-Smith model has the form:
D ln [l/( l-q ) ] _ c 2  f l + P AB/ P AKa 1 s f a  f 4£„ ( i - e J  ,,
\^ ~ CC + D AB ID AKa\  1 - a  + P AB/ P AKi l + [(l—ea)2 /ef]
a / {  1 - - + ------------1 42---------- t ] (-2A6'>1 2 DAKi{ l + £ ? ) / ( l - £ j 2j
where a  = 1- (MB / M A) 1/2
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The values of De obtained by these two theoretical models, the Johnson-Stewart (1965) 
model and the Wakao-Smith (1968) model are listed in Table 5.4. They are compared 
with the measured De values in Figure 5.3. When the experimental results were 
compared with the use of the parallel pore model, it was found that the predicted De 
values are greater than the experimental values by a factor of 3 - 4, except in the case of 
octane which deviates by a factor of 8 . When the experimental results were compared 
with the random pore model, it was found that the predicted effective diffusivities for n- 
pentane, n-hexane and rc-heptane are greater than the experimental values by a factor of 
about 2 and 3, while De values for n-octane deviate by a factor of 5. Neither of the 
models, as they are constructed, provides a good match with the experimental data. 
Hayes and Kolaczkowski (2000) reported that values of De calculated using the random 
pore model were found to be 3.1 times larger than the experimental values.
In the Johnson-Stewart model, a tortuosity of 3 is assumed, as the geometric constant, k ,  
(or the reciprocal of tortuosity factor, 1/x) is assumed a value of 1/3 , for an isotropic 
pore system. It is assumed that the pores are straight and nonconnecting, with no dead 
volume (Johnson & Stewart, 1965). The tortuosity factor is also assumed to be the 
reciprocal of macroporosity in the random pore model (Wakao and Smith, 1962). As 
the macroporosity of the cordierite is 0.299, the tortuosity used in random pore model is 
3.34 and is greater than the tortuosity for the parallel pore model.
So, making use of the experimental data, tortuosity factors were calculated using an 
equation suggested by Satterfield (1970):
£> = D r -  (5.1.a)
T
The transition diffusivity, Dj, is a function of concentration and is given by (Park et 
a l, 1996):
j _ = i - « - y + _ i _  (51b)
Dj Dab D^
For equimolar counterdiffusion (ce=0) and also for dilute systems ( y « l) ,  Equation 
(5.1b) reduces to Equation (5.1c):
1 1 +—  (5.1.c)
Dt Dab Dm
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Table 5.4. Experimental and predicted (from J-S model and W-S model) effective diffusivities for C5-C8 n-paraffins-nitrogen at different temperatures and 
tortuosities. (macroporosity=0.299, average pore diameter=0.54 pm).
Temperature, Experimental D e, D ab> DfCAa5 DkAi, D t , cm2/s D e (J-S), cm2/s D e (W-S), cm2/s Calculated
K cm2/s cm2/s cm2/s cm2/s (D e(J-S)/D e( exp tj) (D e(W -S )/D e( exp tj) tortuosity (t)
«-Pentane
353.15 0.00289 ±0.000347 0.0825 1.159 0.00353 0.0628 0.00946 (3.3) 0.00667 (2.3) 6.5
373.15 0.00309 ±0.000216 0.0913 1.191 0.00376 0.0692 0.0104 (3.4) 0.00734 (2.4) 6.7
423.15 0.0036 ±0.000448 0.115 1.269 0.00431 0.0862 0.0129 (3.6) 0.00908 (2.5) 7.2
473.15 0.00435 ±0.000436 0.140 1.341 0.00484 0.104 0.0155 (3.6) 0.0109 (2.5) 7.2




398.15 0.00273 ±0.000181 0.0947 1.126 0.00371 0.0683 0.011 (4.1) 0.00751 (2.7) 7.5
448.15 0.00305 ±0.000134 0.118 1.19 0.00420 0.0839 0.0135 (4.4) 0.00916 (3.0) 8.2
498.15 0.00345 ±0.000133 0.142 1.26 0.00468 0.101 0.0161 (4.7) 0.0109 (3.2) 8.7
548.15 0.00408 ±0.000145 0.169 1.32 0.00513 0.118 0.0188 (4.6) 0.0127 (3.1) 8.6
Average= 8.3 
±0.6
The number in the parenthesis is the ratio of theoretically predicted D e and experimentally determined D e. 
D t -  ((l-ay^yD^B+l/Dj^ )" 1 based on Equation (5.1 .b). 
t  calculated from Equation (5.1.a).
Table 5.4. Experimental and predicted (continue ).
Temperature, Experimental De, Dab, Dka, DKAi, Dt, cm2/s De (J-S), cm2/s De (W-S), cm2/s Calculated
K cm Is cm Is cm2/s cm2/s (De( J-S)/De( expt)) (De(W-S)/[)e( eXptj) tortuosity ( t)
n-Heptane
398.15 0.00196 ±0.000167 0.0576 1.044 0.00279 0.0408 0.00721 (3.7) 0.00472 (2.4) 6 .2
423.15 0 .0 0 2 1 2 ±0.000103 0.0643 1.076 0.00300 0.0454 0.00800 (3.8) 0.00524 (2.5) 6.4
448.15 0.0026 ±0.00233 0.0712 1.107 0.00321 0.0502 0.00881 (3.4) 0.00577 (2 .2 ) 5.8
473.15 0.0026 ±0.000185 0.0784 1.138 0.00342 0.0550 0.00965 (3.7) 0.00632 (2.4) 6.3




403.15 0.00116 ±0.000185 0.0726 0.984 0.00305 0.0490 0.0091
1
0.0108
(7.8) 0.00579 (5.0) 1 2 .6
448.15 0.00149 ±0.000057 0.0879 1.037 0.00343 0.0589 (7.3) 0.00691 (4.6) 1 1 .8
498.15 0.0016 ±0.000097 0.106 1.094 0.00383 0.0705 0.0129 (8 .0 ) 0.00821 (5.1) 13.2
548.15 0.00187 ±0.00013 0.126 1.147 0.00421 0.0828 0.0151 (8 .0 ) 0.00957 (5.1) 13.2
Average= 12.7 
±0.7
The number in the parenthesis is the ratio of theoretically predicted De and experimentally determined De. 
Dt = {{\-ay^)IDAB+\IDKji)A based on Equation (5.1 .b). 
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Figure 5.5. Comparing experimentally measured values of De, with the values calculated from 
the use of the parallel model (J-S) and the random pore model (W-S).
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Dt, cm7s Z)e(J-S), cm7s 




294.15 0.00871 +0.0018 0.153 2.246 0.00670 0.186 0.0125 1.43) 0.01274 1.46) 6.4
323.15 0.0114 +0 .0 0 1 2 0.181 2.354 0.00744 0.217 0.0146 1.28) 0.01496 1.31) 5.7
373.15 0.0129 ±0.0013 0.233 2.529 0.00867 0.275 0.0186 1.44) 0.01904 1.48) 6.4
423.15 0.0144 +0 .0 0 1 0 0.290 2.694 0.00983 0.336 0.0229 1.59) 0.02341 1.63) 7.0
473.15 0.0175 +0.0023 0.352 2.848 0.0109 0.400 0.0274 1.57) 0.02804 1.60) 6 .8
523.15 0.0185 +0.0030 0.418 2.995 0 .0 1 2 0 0.467 0.0322 1.74) 0.03291 1.78) 7.6
573.15 0.0246 ±0.00071 0.489 3.135 0.0130 0.536 0.0372 1.51) 0.03798 1.54) 6.5
Average=6.9 ± 
0.5
The number in the parenthesis is the ratio of theoretically predicted De and experimentally determined De. 
Dt = ((1 - or yA)/DAB+1 /Dka)' 1 based on Equation (5.1.b). 
t calculated from Equation (5.1.a).
Using this method, tortuosity factors were calculated for the hydrocarbons and these are 
listed in Table 5.4. In addition, tortuosity factors were determined for a methane- 
nitrogen at different temperatures, see Table 5.5. The values lie between 5.7 and 7.6 
with the least variation with temperature. The average value is 6.9 with a standard 
deviation of 0.5. In principle, tortuosity should be independent of temperature. Li 
(1997) performed experiment with methane and nitrogen and reported the tortuosity of a 
cordierite substrate was 8.5. In general, the tortuosity factors for commercial catalysts 
and supports are between 3 and 7.5 (Satterfield, 1970).
The calculated average values of ra re  plotted as a function of molar mass in Figure 5.6. 
From this it is interesting to observe that the calculated T increases with molecular 
weight. As the tortuosity should be constant for the material, this indicates that either 
the presence of the heavier species is increasing tortuosity (perhaps connecting 
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5.2. Measurement of effective diffusivity in the alumina washcoat
In the case of a composite membrane composed of n sheets of thickness, //, l2, I3 , ..., ln 
and diffusion coefficient, De>1, De2, De 3, ..., De>n, the concentration gradient through the 
whole membrane is the sum of the gradients through the component sheets (Crank, 
1956). Since the mass transfer rate, F , is the same across each section, the total drop in 
concentration (by using a standard resistance in series concept):
FI FI FI
7 r + T r + ” ' +7 r ={R' + R i + ' ” + R*) F = R ™'°"F  (5-2)e,\ e,\ Ue,n
This approach was applied to a catalytic monolith by Hayes et al. (2000). As the 
alumina is washcoated on both sides of the cordierite substrate plate, then:
— ^ — + Ftl + — ^ —  = - ■°- er~l -F  (5.3)
De,washcoat e^,cord ^  e,washcoat ^e, overall
where, De,washcoat = effective diffusivity in washcoat, cm2/s
D e,cord  = effective diffusivity in cordierite substrate, cm2/s
De,overall = overall effective diffusivity, cm2/s
//, 13 = thickness of washcoat layer, cm
l2 = thickness of the cordierite substrate, cm
loveraii = total thickness, cm
Dividing Equation (5.3) by F, then:
h  h  , ^2 o^verall_|______   
DetWashcoat D ecor(j[ D eoveran
To obtain the effective diffusivity in the washcoat, De>cor£[, the rate of diffusion is 
measured with two samples, a plain substrate and a washcoated substrate as shown in 
Figure 5.7. As //, l2 and l3 can be measured, and DetCOrd and Det0veraii can be determined 







Figure 5.7. Diffusion experiments are performed on substrate and then the washcoated cordierite 
support.
Using this concept, Hayes et al. (2000) assumed that there is no effect of the interface 
between the washcoat and the support. However, they suggested that the assumption be 
tested by performing experiments with monolith samples with washcoat of differing 
thickness. Before these experiments were performed, it was decided to test if there is a 
concentration dependence.
5.2.1. Effect of concentration gradient on the value of overall effective diffusivity
In general, it is assumed that effective diffusivity is independent of concentration (e.g. 
Cussler, 1984). However, in many systems, e.g. the interdiffusion of metals or the 
diffusion organic vapours in high polymer substances, diffusion coefficient depends on 
the concentration of diffusing substance (Crank, 1956). In this thesis, the dependence of 
effective diffusivity on the concentration of hydrocarbons was investigated.
Figure 5.8 presents the effect of the feed concentration on the effective diffusivity of n- 
heptane and rc-octane. Within experimental errors, the overall effective diffusivity of 
both n-heptane and w-octane appears constant over the range of mole fractions in the 
feed, while as expected, the diffusion fluxes of both hydrocarbons increase with an 
increase in mole fraction.
Figure 5.9 presents the effect of the feed concentration of methane on the value of the 
overall effective diffusivity. The experiment was performed on the same sample. It can 
be seen that within experimental errors the effective diffusivity remains constant over 
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Figure 5.8. Effect of concentration gradient on the overall effective diffusivity of n-heptane and 
rt-octane (T=225°C, P=1.57 bar, Fi=13 cm3/s). The washcoat is alumina gel (LAB2) calcined at 
600°C and alumina loading was 0.001 g/cm2.
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Figure 5.9. Effect of concentration gradient on the overall effective diffusivity of methane 
(T=225°C, P=1.57 bar, F/=13 cm3/s). The washcoat is alumina gel (LAB2) calcined at 600°C 
and alumina loading was 0 .0 0 1  g/cm2.
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5.2.2. Effect of alumina loading on effective diffusivity
In order to explore the formation of the interface between the washcoat and the 
cordierite support, the overall effective diffusivity was determined for various loadings 
of washcoat. The washcoat was prepared by dipping and spinning with the alumina sol 
(LAB2) at different alumina washcoat loadings (the loading is expressed as grams of 
alumina per external geometrical area of substrate plate). This method was discussed in 
Section 4.3.2.1. The SEM images of the coated cordierite with different alumina 
loadings were presented in Figure 5.10. The results for n-hexane, n-heptane, and n- 
octane are presented in Table 5.6 and are also plotted in Figure 5.11. In the calculation 
of the overall effective diffusivity, the thickness of all of the samples was assumed to be 
same as the uncoated cordierite plate.
From this data, it is clear that an increase in the amount of loaded alumina from 0 to 
0.0015 g/cm2, decreases the overall effective diffusivity of rc-hexane from 0.0031 to 
0.0005 cm2/s. For all of the hydrocarbon species, the overall effective diffusivities 
decreased with increasing amounts of loaded alumina, although the extent of the 
decrease differed in each case. However, the decrease in overall effective diffusivity 
with loading becomes constant above an alumina washcoat loading of 0 .0 0 1 2  g/cm2. 
From this, it can be postulated that the pore filling keeps progressing until the external 
pore openings are filled with alumina, see Figure 5.10. Then the layer starts to build up 
in uniform manner and hence the effective diffusivity decreases in a linear manner. The 
effective diffusivity of hydrocarbons in the alumina washcoat can be calculated with 
Equation (5.4). Table 5.7 presents the calculated De)Washcoat values for three w-paraffins 
in the alumina washcoat. The calculation was performed using two different values of 
De,cord• Firstly, DeiCord values for uncoated cordierite were used. Secondly, Dei0veraii 
values for a surface pore filled cordierite with a washcoat of an alumina loading of 
0.000747 g/cm2 were used for the value of De,Cord• The effective diffusivities of n- 
hexane, «-heptane and rc-octane in the alumina washcoat at 175°C were 1.84xl0'5 cm2/s, 
1.07x10'5 cm2/s, and 1.26x1 O' 5 cm2/s, respectively. It is clear that it would be better to 
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(a) AI2O3 loading=0.000303 g/cm2 (b) AI2O3 loading=0.000747 g/cm2 (c) A120 3 loading=0.000961 g/cm2
(d) AI2O3 loading=0.00121 g/cm2 (e) AI2O3 loading=0.00132 g/cm2 (f) AI2O3 loading=0.00149 g/cm2
Figure 5.10. SEM images of the alumina coated cordierite with different alumina loadings.








.. . 2 ' 
Effective diffusivity (Der0verau), cm /s Molar flux, mol/(cm2.s)
n-Hexane n-Heptane n-Octane n-Hexane n-Heptane n-Octane
none 0 0.00305 ±0.00013 0.00225 ±8 .3x10'5 0.0015 ±5.7x10'5 - - -
0.000303 N/A 0.00244 ±0 .0 0 0 1 2 0.00230 ±9.2x10'5 0 .0 0 1 2 ±0.00013 6.6x1 O’7 ±2.7x1 O' 8 3.6xl0'7 ±1.3xl0' 8 3.1xl0'7 ±3x1 O'8
0.000747 N/A 0.00142 ±0.00016 0.00104 ±0.00011 0.00091 ±6.3xl0'5 5x1 O'7 ±2.7xl0' 8 3.4x1 O'7 ±l.lxlO '8 2.4x1 O'7 ±7.5xl0'8
0.000961 0.5 0.00107 ±0.00015 0.00081 ±6 .8x l0 '5 0.00045 ±6.9xl0‘5 6.9x1 O'7 ±8.5x1 O'8 4x1 O'7 ±2.9x10‘8 2.5xl0'7 ±3.3x1 O'8
0 .0 0 1 2 1 1.5 0.0008 ±0.00013 0.00077 ±5.5xl0'5 0.00061 ±0 .0 0 0 1 2 3.3xl0‘7 ±6 .6x l0 '8 2.1xl0'7 ±5.4xl0‘8 2x1 O'7 ±2x1 O'8
0.00130 2 0.00087 ±0 .00011 0.00053 ±3.0x10'5 0.00051 ±2 .6x10 '5 5.3xl0'7 ±7x1 O'8 3.9x1 O'7 ±2x1 O' 8 3.3xl0'7 ±6 .1x l0 '8
0.00132 2.5 0.00053 ±0 .00011 0.0004 ±2.0xl0'5 0.00034 ±4.0x10'5 3.5xl0‘7 ±3.8xl0‘8 1.9x1 O'7 ±6.8x10‘8 1.7xl0‘7 ±6.9xl0'9
0.00149 4 0.00052 ±3.3xl0'5 0.00037 ±3.2xl0‘5 0.00034 ± l.lx l0 ‘5 2.5xl0'7 ±l.lxlO '8 1.6x1 O'7 ±1.2x1 O'8 7.3x1 O'8 ±2 .1x l0 '9
N/A: not applicable.
Note: The thickness of cordierite plates is 0.025 cm.
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Figure 5.11. Alumina washcoat loading versus overall effective diffusivity (T=175°C, 
P=1.45~1.5bar). The washcoat is alumina gel (LAB2) calcined at 600°C (/2=0.025 cm).
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Effective diffusivity of washcoat, De'Washcoat, cm /s
/i-Hexane /i-Heptane n-Octane
When De>overaii for uncoated cordierite is considered De'COrd
0.0013 2 1.91xl0'5 ±4.08x1 O'6 1.08xl0"5 ±9.55xl0'7 1.22xl0'5 ±1.23xl0‘6
0.00132 2.5 1.25X10'5 ±3.51xl0'6 9.49xl0'6 ±6 .54x1 O'7 8.51xl0'6 ±1.48xl0'6
0.0015 4 1.21xl0'5 ±1.91xl0'5 1.68xl0'6 ±1.37xl0'5 1.35xl0'5 ±6.94xl0'7
Average 1.46x10 s 7.32xl0'6 1.14x10 s
When De,overall for washcoated cordierite with alumina loading of 0.000747 g/cm2 is considered
0.0013 2 2.63xl0"5 ±2.28xl0'5 1.26x10'5 ±3.38xl0'6 1.38xl0'5 ±3.38xl0'6
0.00132 2.5 1.94x10'5 ±9.97xl0‘6 1.50xl0'5 ±2.3 8x1 O'6 1.25xl0'5 ±3.26x10'6
0.0015 4 2.47x10'5 ±4.5 lxl O'6 1.76x1 O'5 ±3.71xl0'6 1.6 6 x l0 '5 ± 1 .5 7 x l0 '6
Average 1.84x10 s 1.07x10 s 1.26x10 s
5.2.3. Effect of direction of flux in composite binary structure on effective 
diffusivity
The cordierite support contains mainly macropores whereas the washcoat contains 
micropores. An experiment was, therefore, designed to investigate whether the nature 
of the interface between the washcoat and the support against the hydrocarbon rich 
stream had any effect on diffusion. For this experiment, the cordierite plate was only 
coated on one side. The washcoat material was alumina gel calcined at 600°C. The 
washcoat loading was 0.0006 g/cm , which is of a value at which a uniform coating is 
formed. This corresponded to a washcoat thickness of about 1.5 pm. Using this 
sample, two experiments were performed, see Figure 5.12. Firstly, a hydrocarbon-rich 
gas was introduced on the side facing the washcoat (Exp. 1). Then the hydrocarbon-rich 
gas was introduced on the side without the washcoat (Exp. 2). The operating conditions 























Figure 5.12. Direction of hydrocarbon flux in two different diffusion experiments. (Note: The 
coated support is the same in both of the experiments, only the position of the plate is reversed.).
Figure 5.13 shows the overall effective diffusivities across the composite, for rc-hexane, 
^-heptane, and n-octane. The overall effective diffusivities for Exp. 2 (in which 
nitrogen faces the washcoat) are greater than those for Exp. 1. The differences in values 
of De>overau between the two experiments are a factor of 1.43. 1.44, and 1.52 for n- 
hexane, rc-heptane and n-octane, respectively.
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Table 5.8. Experiments across the composite: Summary of experimental data (Washcoat: 
Alumina gel (LAB2) calcined at 600°C, washcoat thickness: 1.5 pm).
/t-Hexane /z-Heptane zz-Octane
Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
Temperature, °C 175




Concentration in 0.00153 0.001 0.00084 0.00091 0.00076 0.00084
upper chamber, 
mol/ml
±1.2x10'5 ±5.7x1 O'5 ±1.2xl0‘5 ±6.3x1 O'6 ±1.9xl0'5 ±1.2x10'5
Concentration in 1.485 0.663 0.945 0.712 2.057 2.15
lower chamber, 
mol/ml
±0.0172 ±0.0107 ±0.00595 ±0.0258 ±0.0246 ±0.00966
D e,o vera ll, C m  /s 0.00142 0.00204 0.00123 0.00185 0.00052 0.00079
±0.00004 ±0.00017 ±0.00003 ±0.00009 ±1.9x1 O'5 ±1.7x10'5
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Figure 5.13. Experiments in a two layered structure -  choice of layer to face the hydrocarbon 
and its effect on the overall effective diffusivity across the composite layer. (T=175°C, Fj= 
12.9-13.2 cm3/s, P=1.56 bar): Exp. 1: hydrocarbon facing washcoat, Exp. 2: nitrogen facing 
washcoat.
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These differences are very intriguing. It is difficult to postulate the cause of the 
difference between the two experiments as many parameters are involved in the 
transport process in the composite layer, see Figure 5.14. Flux decline can be caused by 













Figure 5.14. H ydrocarbon flux in the com posite structure.
In order to explore if capillary condensation may be influencing the results, use was
made of the Kelvin equation (Gregg and Sing, 1982). As described in Ruthven (1984),
“in a porous adsorbent there is a continuous progress from multilayer adsorption to
capillary condensation in which the smaller pores become completely filled with liquid
sorbate. This occurs because the saturation vapour pressure in a small pore is reduced,





The Kelvin equation may be written as (Ruthven, 1984): 
d V  _  -  V l <t c o s  6
dA RT\n(-^~)
P°
where for the cylindrical pore 
dA  2
substituting Equation (5.6) into (5.5), then
r m _  - V l G c o sQ
2 RT ln(— )
P°
and after rearranging 
p  - 2 o V l  c o s  9
In —  —---------------------------------------------------------------------  . .  m
P° R T  rm (5.8)
Assum ing that the surface is wetted, then #=0 and c o s 0 = l and substituting values into 
Equation (5.8), values o f p / p °  can be calculated. Table 5.9 presents the values o f the 
relative pressure, p /p °, at different values o f pore radius, rm, for rc-hexane, n-heptane and 
n-octane at T= 20°C, T=125°C, T=175°C, and T=275°C. The pore radii are assigned 
values o f the average pore radius o f the alumina calcined at different temperatures. This 
data may be compared with calculated values o f p /p ° ,  over the range o f experimental 
conditions studied, see Table 5.10. If (p/^°)eXperiment > (p /p  °)theoreticai, then there is a 
possibility that condensation could occur.
By comparing the data in Table 5.9 and Table 5.10, it is clear that for rc-hexane and n- 
heptane that is unlikely to occur. However, for rc-octane there is a possibility at 
r<125°C . This may help to explain, why the tortuosity o f  «-octane was found to be 
higher in Figure 5.6.
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T able 5.9. T heoretically  calcu lated  values o f  the relative p ressu re  (p/p°) at w hich condensation  
w ill occur. F or an alum ina gel (L A B 2) calcined at d ifferen t tem peratures.
rm, nm  
(C alc. tem p.,°C )
p /p  ° at T=298K (25°C ) p /p  ° a t T=398K (125°C)*
n-H exane n-H ep tane n -O ctane  n -H ex an e n-H ep tan e  n -O ctan e
1.83 (450) 0.313 0.230 0.155 0.425 0.339  0.253
2.15 (600) 0.372 0.287 0.204 0.483 0 .399  0 .310
2 . 6  (800) 0.442 0.357 0.270 0 .549 0.468  0.381
3.75 (1000) 0.568 0.489 0.403 0.659 0.591 0 .512
10.48 (1100) 0.817 0.774 0.722 0 .862 0.828  0 .787
18.93 (1200) 0.894 0 . 8 6 8 0.835 0.921 0.901 0 .876
rm, nm  
(C alc. tem p.,°C )
p /p ° at T=448K (1750C)* p /p ° at r= 548K (275°C )*
n-H exane n -H ep tane n -O ctan e  n -H exane n-H ep tane  n-O ctane
1.83 (450) 0.468 0.383 0.295 0.537 0 .456  0 .368
2.15 (600) 0.524 0.442 0.354 0.589 0.513 0.428
2 . 6  (800) 0.587 0.510 0.424 0.647 0 .576  0 .496
3.75 (1000) 0.691 0.627 0.552 0.739 0.683  0 .615
10.48 (1100) 0 .876 0.846 0.808 0.897 0 .872  0 .840
18.93 (1200) 0.929 0.912 0.889 0 .942 0.927  0 .908
* The parameters, 0  and VL for T=298K were used.
Adsorptive T, K
Surface tension 
( 0 )**, mN/m
Molar volume (VL)***, 











1.62x1 O' 4  
1.78x1 O' 4
8.82x1 O' 9  
l . l lx lO ' 8 
1.42x10’8
Calculated by Macleod-Sugden correlation (Reid et al., 1987).
*** Calculated from VL=0.285VCL048 from Tyn & Calus method (Reid et al, 1987).
T ab le  5.10. V alues o f relative p ressure (p/p°), calcu lated  at experim enta l conditions.
T e m p .,
K (°C )
P a r tia l S a tu ra tio n  p re s su re  {p°)**, bar R e la t iv e  p re s s u re  (p /p°)
p re s s u re  
( p ) \  b a r
n -H ex an e n-H eptane n -O ctane n-H exane n-H eptane n-O ctane
2 9 8 (2 5 ) 0 . 6 0 . 2 0 0 0.0603 0 .0184 2.997 9.954 32.543
3 9 8 (1 2 5 ) 0 . 6 4.446 2.073 0.992 0.135 0.289 0.605
4 4 8 (1 7 5 ) 0 . 6 11.85 6 . 2 0 1 3.341 0.0506 0.0968 0.18
5 4 8 (2 7 5 ) 0 . 6 - - 18.623 - - 0 .0322
T ota l p ressure is 1.5 bar and the m ole fraction o f  hydrocarbons is 0.4. 
** C alcu la ted  by using  the A nto ine equation  (R eid et a l., 1987)
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The effect of temperature was also studied. Figure 5.15 shows the results for an n- 
octane-nitrogen system. It can be seen that the flux of rc-octane increases with an 
increase in temperature and hence the calculated value of Det0verau increases with 
temperature. The temperature dependence is consistent with a Knudsen diffusion 






350 400 450  500
T em perature, K
550 600
Figure 5.15. D iffusion experim ent for n-octane-N 2  on one side o f a coated cordierite  (F /=  
12 .8-13 .2  cmVs, P = l .59 -1 .5 5  bar). The experim ent was perform ed at conditions that relate to 
Exp. 1.
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T ab le  5.11. Sum m ary o f experim ental data  in diffusion for n-otane-N 2. The cordierite is coated only one side w ith alum ina gel (LAB2) and calcined at 600°C 
(/;= 1.5 |im , l2= 0.25 cm , d^=A3 nm  and dc=0.54 |Lim).
Pressure, bar
F low rate  (F i), 
cm 3/s
C oncentration  in 
u p p er cham ber, 
m ol/cm 3
C oncentration  in 
bo ttom  cham ber, 
m ol/cm 3
Flux , m ol/(cm 2 .s)
D eioveralli /s






2 .9xl0 '7 ±4 .2xl0 '9
0.000549 ±1.0x10 '5 






2 .6 x 1 0 ' 7 ±6 .6 x l 0"9
0.00053 ±1.8xl0 '5






3.2xl0 '7 ±2.7x1 O'9
0.0006 ± l . l x l 0 ‘5 






3.25x1 O'7 ±2.6x1 O'9
0.000645 ±9.5xl0 '5 






3.3x1 O'7 ±4 .1xl0 '9
0.00064 ±2.9x1 O'5 
8.9x10‘6 ±2.8xl0 "7
5.2.4. Effect of calcination temperature on the overall effective diffusivity
In Figure 4.20(b), pore size distribution was shown to be a function o f  calcination 
temperature. Figure 5.16 shows the effect o f calcination temperature on the value o f the 
overall effective diffusivity o f n-hexane, «-heptane and rc-octane. Four different 
specim ens were prepared by washcoating alumina gel and calcining at 450°C , 600°C, 
800°C, and 1000°C. To get the same thickness o f washcoat, the coating conditions, and 
in particular the number o f coatings was kept constant.
It can be seen that below a calcination temperature o f 800°C, the overall effective
diffusivities are almost constant. It is well known that a phase change occurs at about 
900°C. This will result in a decrease in surface area, pore volum e and tortuosity, but an
increase in average pore size, see Table 4.1 (from Chapter 4).







Pore volum e, 
cm 3/g
P orosity ’ A verage pore  
d iam eter, nm
B E T  surface 
area, m 2/g
450 3.93 0.360 0.591 3.65 285.3
600 3.91 0.372 0.599 4.3 235.1
800 4.24 0.353 0.586 5.2 176.1
1 0 0 0 4.27 0.229 0.480 7.5 90.5
1 1 0 0 3.89 0.056 0.184 20.95 9.3
1 2 0 0 3.84 0.018 0.067 37.86 5.3
The results o f these experiments are compared with theoretically calculated values 
based in the Wakao-Smith model and Knudsen diffusivity model applied to the 
micropores. As the washcoat penetrates and fills the pores o f the support, the structure 
was m odelled as a pseudo-homogeneous plate. The model was selected as the structure 
has two distinctive pores, macropores (from cordierite support) and micropores (from 
alumina washcoat). Physical properties are listed in Table 5.12.
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Table 5.12. Parameters needed for prediction of De by models (Alumina washcoat loading: 
0.00132 g/cm2, Cross sectional area: 0.45 cm2).
Calcination 
temperature, °C
Porosity Pore diameter, pm
total macro micro Macro micro
450 0.237 0.218 0.019 0.54 0.00365
600 0.238 0.218 0.0196 0.54 0.00429
800 0.237 0.218 0.0186 0.54 0.0052
1 0 0 0 0.230 0.218 0 . 0 1 2 1 0.54 0.0075
An increase in pore size should increase the value of Deoverall, but a decrease in pore 
volume, should act to decrease the value of Deoverall. A decrease in tortuosity should 
increase the value of Deoverall. From Figure 5.17, as expected the value of D ^ , 
(micropore Knudsen diffusivity) increases with an increase in pore size, but its increase 
is not as dramatic as the experimental value of Deoverall. Moreover, it can be seen that the 
predicted value of D/W-S)  does not increase with an increase in calcination 
temperature. Therefore, it is reasonable to assume that the increase of Deoverall is as a 
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Figure 5.16. Effect of calcination temperature of the alumina washcoat on the overall effective 
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Figure 5.17. Effect o f calcination tem perature on the overall effective diffusivity.
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5.2.5. Multicomponent diffusion
Returning to the application area o f interest in this thesis, as gasoline is a complex 
mixture o f various hydrocarbons, multicomponent diffusion will occur. In this final 
section o f the thesis, the interaction between the hydrocarbons in two, three and four 
component mixtures was studied. Both sides o f the cordierite plate were coated with 
the washcoat to a thickness o f about 2 pm. The experiments were classified into five 
types and are listed in Table 5.13. The multicomponent experiment was carried out 
using the same apparatus as for the binary diffusion experiment, but for the analysis o f  
the concentration o f each component, a gas chromatography column was employed. 
The operating conditions are summarised in Table 5.14.
T ab le  5.13. T ypes o f experim ents.
T ype Feed  to F eed  to low er cham ber
upper
cham ber
C om ponents M ole  fraction  o f 
to tal hydrocarbon
C om position o f 
hydrocarbon
A n 2 « -H exane+ N 2,
n -H ep tan e+ N 2,
« -O ctan e+ N 2
0.4
B n 2 n -H exane+ n-H ep tane+ N 2 0.4 1 : 1
C n 2 «-H ex an e+ « -O ctan e+ N 2 0.4 1 : 1
D n 2 72-H eptane+n-O ctane+N 2 0.4 1 : 1
E n 2 n -H exane+ n-H ep tane+ n-O ctane+ N 2 0.4 1 : 1 : 1
T able 5.14. Sum m ary o f experim ental conditions fo r m ulticom ponen t d iffusion .
•  O perating  tem perature  = 125, 175, and 225°C ,
•  O perating  pressure  = 1 .5 -  1.58 bar
•  P ressure d ifferen tia l = ±1 m bar
• F low rate(Fy) = 1 2 .9 - 1 3 .1  cm 3/s
•  S pecim en : coated  cord ierite  substrate (Cross sectional area  : 46.5 m m 2)
•  W ashcoat: A lum ina gel (L A B 2) calcined at 600°C
• Thickness: 2 p m  each  side
• A verage pore  d iam eter: 4 .3  nm
•  A n a ly s is : G as chrom atography
• D etector: FID
• G C  colum n (1 .8m  long): packed  w ith 10% C P -S il5 /C hrom osorb  W H P
• O ven tem p.: 7 5 °C
• D etecto r tem p.: 200°C __________________________________________________
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The overall effective diffusivity across the washcoated plate was calculated from:
D e,overall, ~  (5.9)
Ax
The flux, and concentration difference, ACt, were easily determined for each o f the 
components. The thickness Ax was the overall thickness o f the coated plate.
The results o f these experiments at 7=125°C, T=175°C and T=225°C are presented in 
Table 5.15 and Table 5.16. In addition, to facilitate the identification o f any trends, the 
results are also presented in Figure 5.18, Figure 5.19, and Figure 5.20.
From this data, it would appear that the presence o f the additional hydrocarbon 
components is not having a major effect on the overall effective diffusivity o f the 
species. To see more clearly any temperature dependence, the results are also presented 
in Figure 5.21. What is useful to note from this data, is that within experimental errors, 
values o f Dei0vemn are not significantly affected by the presence o f  other hydrocarbon 
species.
In order to obtain a good match between theoretically calculated values and 
experimental data, the inclusion of an appropriate value o f the tortuosity factor remains 
the dominant factor. For Type E experiment, it appears from the results that De>overaii has 
a stronger dependence on temperature. The presence o f n-hexane (C6 H 14) may be a 
contributing factor, although the mechanism is unclear.
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T ab le  5.15. M ulticom ponent d iffusion  experim ents w ith d ifferent com binations o f d iffusing species (P=1.577 bar, F ;=13.0  cm 3 /s). W ashcoat is alum ina gel 
(L A B 2) calcined  at 600°C .
T ype o f D e ,  overall (cm 2/s) at T=125°C D e ,o v e r a l (cm 2 /s) at T=175°C D e, overall (cm 2/s) at T=225°C
experim en t n -H ex an e n-H ep tane n-O ctane n-H exane n-H eptane n-O ctane n-H exane n-H eptane n-O ctane
























































































Standard errors are shown in the parenthesis.
Table 5.16. Summary of experimental data for multicomponent diffusion.
T ype o f P, bar F i, cm 3/s
---------------------------------
C oncentration, m ol/cm Flux, m ol/(cm 2 .s)
experim ent in upper cham ber in low er cham ber
T =  125 °C
C ase A
(binary  diffusion)
1 .5 - 1 .5 3
12.98 -  
13.14
Hexane: 0 .00108 (± 1 .5 x l0 '5) 
H eptane: 0 .00085 (± 3 .3 x l0 '5) 
Octane: 0 .000846 (± 2 .0 x l0 '5)
H exane: 0 .944 (±0.0072) 
H eptane: 1.04 (±0.015) 
O ctane: 1.3 (±0.0041)
H exane: 2 .3 x l0 ' 7  (± 3 .2 x l0 '9) 
H eptane: 1 .6 3 x l0 '7 (± 6 .3 x l0 '9) 
O ctane: 1 .4 6 x l0 '7 (± 3 .5 x l0 '9)
C ase  B
(ternary  diffusion)
1.51 13.1
H exane: 0 .00052 (±9 .9x10 '6) 
H eptane: 0 .00043 (±1 .4x10 '5)
H exane: 0 .384 (±0.0016) 
H eptane: 0 .495(±0.0055)
H exane: 9 .8 x l0 ' 8  (± 3 .6 x l0 '9) 
H eptane: 8 .1 8 x l0 '8 (± 2 .8 x l0 '9)
C ase C
(ternary  d iffusion)
1.51 13.13
H exane: 0 .00062 (± 1 .3 x l0 ‘5) 
O ctane: 0.00021 (± 2 x l0 ‘6)
H exane: 0 .557(±0.00835) 
O ctane: 0 .362 (±0.00537)
H exane: 1 .2 x l0 ' 7  (±2.5x1 O'9) 




H eptane: 0 .00029 (± 3 .7 x l0 '6) 
O ctane 0.00038 (± 6 .2 x l0 '6)
H eptane: 0 .302 (±0.0069) 
O ctane: 0 .642 (±0.03734)
H eptane: 5 .6 x l0 ' 8  ( ± 7 .2 x l0 10) 





H exane: 0.00041 (± 8 .1 x l0 '6) 
H eptane: 0 .00066 (± 2 .7 x l0 '6) 
O ctane: 0.000303 (± 7 .8 x l0 '6)
H exane: 0 .363 (±0.004) 
H eptane: 0 .80 (±0.0139) 
O ctane: 0.89 (±0.0155)
H exane: 7 .9x10 ' 8  (± 1 .5 x l0 ‘9) 
H eptane: 1 .27x10 '8 (±4.9x1 O'9) 
O ctane: 7 .8 2 x l0 '8 (± 1 .9 x l0 '9)
S tandard  errors are s 1 0 w n in the parenthesis.
Table 5.16. Summary of experimental data for multicomponent diffusion (continue ).
T y p e  o f P , b ar F i, cmVs
“  V"
C oncentration, m ol/cm Flux, m ol/(cm 2 .s)
experim en t in upper cham ber in low er cham ber
T =  175 °C
C ase  A
(binary  diffusion)
1 .4 9 - 1 .5
1 2 .8 0 -
12.89
H exane: 0.00193 (± 2 .6 x l0 ‘5) 
H eptane: 0 .00162 (± 2 .7 x l0 '5) 
Octane: 0.00158 (± 5 .4x lO '5)
H exane: 1.71 (±0.0184) 
H eptane: 1.88 (±0.012) 
Octane: 2.7 (±0.059)
H exane: 4 .0 9 x l0  7  (± 5 .5 x l0 '9) 
H eptane: 3 .0 3 x l0 '7 (± 5 .3 4 x l0 ‘9) 
O ctane: 2 .6 8 x l0 ' 7  (± 9 .2 x l0 ‘9)
C ase  B
(ternary  diffusion)
1.50 12.9
H exane: 0.00137 (± 2 .7 x l0 ‘5) 
H eptane 0.0012 (± 5 .6 x l0 ‘5)
H exane: 1.078 (±0.0089) 
H eptane: 1.29 (±0.0322)
H exane: 2 .6 4 x l0 '7 (± 3 .0x10‘9) 
H eptane: 2 .2 8 x l0 '7 (± 1 .0 x l0 ‘8)
C ase  C
(ternary  diffusion)
1.50 13.07
H exane: 0 .00142 (± 4 .3 3 x l0 ‘5) 
Octane: 0.000491 (± 2 x l0 '5)
H exane: 1.38 (±0.00865) 
Octane: 0 .894 (±0.0109)
H exane: 2 .7 1 x l0 ‘7 (± 8 .3 x l0  9) 
O ctane: 8 .5 x l0 ‘ 8  (± 3 .5 x l0 -9)
C ase  D
(ternary  d iffusion)
1.51 13.05
H eptane: 0 .00104 (± 4 .7 x l0 ’5) 
O ctane: 0 .0006 (± 3 .3 x l0  5)
H eptane: 1.205 (±0.012) 
Octane: 1.09 (±0.021)
H eptane: 1 .9 9 x l0 ' 7  (± 9x10‘9) 
O ctane: l.O x lO 7  (± 3 .8 x l0 ‘9)




H exane: 0.00108 (± 5 .8 x l0 '5) 
H eptane: 0 .000601(±3.9xl0*5) 
O ctane: 0 .000314 (± 1 .9 x l0 ’5)
H exane: 0.953 (±0.0216) 
H eptane: 0 .625 (±0.0108) 
Octane: 0 .594 (±0.00483)
H exane: 2 .0 6 x l0 '7 ( ± l . l x l 0 '8) 
H eptane: 1 .1 5 x l0 ‘7 (± 7 .4 x l0 ‘9) 
O ctane: 5 .4 x l0 ' 8  (± 3 .4 x l0 ‘9)
Standard errors are shown in the parenthesis.
Table 5.16. Summary of experimental data for multicomponent diffusion (continue ).
T ype o f P, b ar F i, cm 3/s
---  1— T'~' -------------- -------- ---
C oncentration, m ol/cm Flux, m ol/(cm 2 .s)




1 .5 - 1 .5 2
12.82 -  
12.98
H exane: 0.0019 (± 3 .7 x l0 '5) 
H eptane: 0 .00169 (± 3 .6 x l0 '5) 
Octane: 0 .00142 (± 1 .2 x l0 ‘4)
H exane: 1.37 (±0.021) 
H eptane: 1.76 (±0.0172) 
O ctane: 2.88 (±0.038)
H exane: 4 .0 3 x l0 '7 (± 8 .5 x l0 '9) 
H eptane: 3 .1 8 x l0 '7 (± 6 .8 x l0 '9) 
O ctane: 3 .6 1 x l0 '7 (± 2 .7 5 x l0 '9)
C ase B
(ternary  d iffusion)
1.58 13.02
Hexane: 0 .00224 (± 2 .5 x l0 ‘5) 
H eptane 0.00126 ( ± 2 .8 x l0 6)
H exane: 1.608 (±0.0127) 
H eptane: 1.26 (±0.0142)
H exane: 4 .3 x l0 ' 7  (± 4 .2x10‘9) 




H exane: 0 .0024 (± 4 .5 4 x l0 ‘5) 
O ctane: 0 .000534 (± 1 .2 x l0 '5)
H exane: 1.75 (±0.013) 
O ctane: 0.911 (±0.0221)
H exane: 4 .6 x l0 ‘ 7  (± 8 .6 x l0 ‘9) 




H eptane: 0 .00132 (± 2 .1 x l0  5) 
O ctane: 0 .00086 (± 2 .3 x l0 '5)
H eptane: 1.37 (±0.0175) 
O ctane: 1.84 (±0.051)
H eptane: 2 .54x10 7  (± 4 .0x10‘9) 




1.56 1 2 . 8 6
H exane: 0 .00202 ( ± 6 .3 x l0 5) 
H eptane: 0 .0 0 1 4 9 (± 5 .2 x l0 ‘5) 
Octane: 0 .000726 (± 3 .7 x l0 ‘5)
H exane: 1.25 (±0.0082) 
H eptane: 1.156 (±0.0134) 
O ctane: 0.911 (±0.0093)
H exane: 3 .6 7 x l0 '7 (± 1 .0 x l0 '8) 
H eptane: 2 .7 x l0 ' 7  (± 9 .8x10 '9) 
O ctane: 1 .2 x l0  7  (±3.4x1 O'9)
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Figure 5.18. Com parisons betw een binary diffusion experim ents and m ulticom ponent diffusion experim ents with different com binations of diffusing species 
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Figure 5.19. C om parisons betw een binary diffusion experim ents and m ulticom ponent diffusion experim ents with different com binations of diffusing 






































Figure 5.20. C om parisons betw een binary diffusion experim ents and m ulticom ponent diffusion experim ents with different com binations of diffusing species 
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Figure 5.21. Temperature dependence of effective diffusivity in multicomponent diffusion.
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5.3. Conclusions
5.3.1. Diffusion in the cordierite support
•  For the uncoated cordierite, the binary effective diffusivities o f the four components 
for T= 125°C ~ 275°C were shown to be represented by:
• n-Pentane: De = 8.6x1 O'7 T138
• ra-Hexane: De = 1.6xl06T124 
.  n-Heptane: De = 7.1x1 a 7!4 33 
. n-Octane: De = 2.6xlOw T14'
• W hen the experimental results were compared with the use o f the parallel pore 
model, it was found that the predicted De values are greater than the experimental 
values by a factor o f 3 - 4, except in the case o f octane which deviates by a factor o f  
8 . W hen the experimental results were compared with the random pore model, it 
was found that the predicted effective diffusivities for «-pentane, «-hexane and n- 
heptane are greater than the experimental values by a factor o f about 2 to 3, while De 
values for octane deviate by a factor o f  5. Neither o f these m odels provides a good  
match with experimental data. This confirms earlier findings by Hayes et al. (2000), 
that values o f De calculated using the random pore model were found to be 3.1 times 
larger than the experimental values.
•  W hen calculated average values o f tortuosity, r, were plotted as function o f molar 
mass, r  was seen to increase with molar mass. As the tortuosity should be constant 
for the material, this indicates the either the presence o f the heavier species is 
increasing tortuosity (perhaps connecting micropores becom es blocked) or other 
factors {e.g. adsorption) are influencing the results.
5.3.2. Diffusion in the alumina washcoat
• For the washcoated cordierite plate, by treating the diffusion in the washcoat and 
plate as a combined resistance in series, it was possible to calculate the value o f  De 
in the washcoat.
•  It was found that over the range o f conditions tested, the experimentally measured 
value o f De is independent o f the concentration of the species.
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•  From experiments with «-hexane, n-heptane and «-octane, it was shown that De 
decreases with an increase in the weight and hence thickness o f washcoat loadings. 
Above a washcoat loading of 0.0012 g/cm 2 (corresponded to 1.5 \im), the decrease 
was linear with loading. This indicates that care must be taken with the prediction 
o f values o f De in very thin layers o f catalyst (< 2 jum). A lso, that the resistance in 
the interfacial layer can be significant at low washcoat thickness.
•  It was shown that if  one side o f a cordierite plate is coated (forming a binary 
com posite layer), then the value o f De varies depending on whether the hydrocarbon 
stream is on the washcoated or on uncoated side o f the support. If the hydrocarbons 
are on the washcoat side, then there is a 40% reduction in flux hence the value o f De.
• From experiments with n-hexane, n-heptane and n-octane, above a calcination 
temperature o f 800°C, hydrocarbon flux and hence value o f De increased with 
calcination temperature. It is postulated that the com bined effect o f an increase in 
mean pore size and reduction in tortuosity increases the flux across the plate. 
Changes in tortuosity are likely to be the dominant factor.
•  M ulticomponent diffusion experiments show that the De values o f each diffusing 
species in multicomponent diffusion system are close to the values obtained from  
binary diffusion. It can be postulated that a diffusing species does not have a 
significant effect on the transport o f the other species across the washcoat. By 
assigning an appropriate value to the tortuosity factor, a reasonable match can be 
obtained between m odelled and experimental data.
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Chapter 6. Conclusions and Recommendations for Future Work
Several important conclusions can be drawn from discussions that have been presented
in this thesis.
6.1 Development of diffusion measurement technique
•  A  method was developed in which a metal ring was formed around the perimeter o f  
a sample o f cordierite, such that it could be sealed in a diffusion cell. The method 
involved electroplating and the sample was tested at temperatures up to 320°C, 
without fracture occurring.
•  Both transient and steady state experiments were performed to measure the effective  
diffusivity o f hydrocarbons in a cordierite substrate. The transient method was 
shown to be unsuitable for such a thin sample, as the time delay for diffusion is 
insufficient to discriminate from the other time delays in the system.
6.2 Sol-gel method to be applied in catalyst preparation
•  U se o f the sol-gel method enables a uniform layer o f washcoat to be deposited on 
the surface o f a cordierite support. However, the washcoat loading per coating is 
relatively low , but it can be built up in a number o f  layers.
•  Using the sol-gel method, the relative weight o f sample increases in a linear manner 
with the number o f coatings. After the first coating, the washcoat penetrates the 
pores and does not contribute to the thickness o f the layer. After subsequent 
coatings, the thickness o f the layer increases in a linear manner. Surface area and 
pore volume also increase in a linear manner.
•  BET surface area decreases with calcination temperature and average pore diameter 
increases rapidly above a temperature o f 900°C. These w ill have a significant 
impact on the effective diffusivity o f components in the washcoat.
•  Properties o f cryogels (freeze-drying gels) and xerogels were compared. It was 
shown that calcination temperature had more o f  a significant effect on the final 
properties o f the washcoat, than the method o f drying.
•  The addition o f zirconia increases the stability o f the pore size distribution, 
however, both pore volume and surface area decrease as zirconia content is 
increased. Addition o f zirconia will affect effective diffusivity o f components in the 
structure.
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•  In experiments, when 1 wt% platinum was added, the cumulative pore volume 
decreased by 9%, but pore size distribution was not affected. The addition o f a 
catalyst may have a small effect on the effective diffusivity o f components in the 
washcoat.
•  The addition o f 0.1 wt% o f a drying additive was shown to reduce the tendency for 
cracks to form in the washcoat, without a significant reduction in surface area or 
change in average pore size.
6.3 M easurement of effective diffusivity using the steady state method
6.3.1 Diffusion in the cordierite support
•  For the uncoated cordierite, the binary effective diffusivities o f the four components 
for T= 125°C ~ 275°C were shown to be represented by:
• w-Pentane: De = 8.6x1 O'7 T138 
.  n-Hexane: De = 1 .6x l(f T124 
. n-Heptane: De = 7. lxlO'7 T133 
. n-Octane: De = 2.6x10 10 T,4‘
• W hen the experimental results were compared with the use o f the parallel pore 
m odel, it was found that the predicted De values are greater than the experimental 
values by a factor o f 3 -4 , except in the case o f octane which deviates by a factor o f 
8 . When the experimental results were compared with the random pore model, it 
was found that the predicted effective diffusivities for pentane, hexane and heptane 
are greater than the experimental values by a factor o f about 2 to 3, while De values 
for octane deviate by a factor o f 5. Neither o f these m odels provides a good match
with experimental data. This confirms earlier findings by Hayes et al. (2000), that
values o f De calculated using the random pore model were found to be 3.1 times 
larger than the experimental values.
•  W hen calculated average values o f tortuosity, T, were plotted as function o f molar 
mass, T was seen to increase with molar mass. As the tortuosity should be constant 
for the material, this indicates that either the presence o f the heavier species is 
increasing tortuosity (perhaps connecting micropores becom es blocked) or other 
factors {e.g. adsorption) are influencing the results.
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6.3.2 Diffusion in the alumina washcoat
•  It was found that over the range o f conditions tested, the experimentally measured 
value o f De is independent o f the concentration o f the species.
•  From experiments with rc-hexane, rc-heptane and rc-octane, it was shown that De 
decreases with an increase in the weight and hence thickness o f washcoat loadings. 
A bove a washcoat loading o f 0.00132 g/cm 2 (corresponded to 1.5 pm ), the decrease 
was linear with loading. This indicates that care must be taken with the prediction 
o f values o f De in very thin layers o f catalyst (< 2 pm). A lso, that the resistance in 
the interfacial layer can be significant at low washcoat thickness.
•  It was shown that if  one side o f a cordierite plate is coated (forming a binary 
com posite layer), then the value o f De varies depending on whether the hydrocarbon 
stream is on the washcoated or uncoated side o f the support. If the hydrocarbons are 
on the washcoat side, then there is a 40% reduction in flux hence the value o f De.
• From experiments with w-hexane, rc-heptane and w-octane, above a calcination 
temperature o f 800°C, hydrocarbon flux and hence value o f De increased with 
calcination temperature. It is postulated that the combined effect o f an increase in 
mean pore size and reduction in tortuosity increases the flux across the plate. 
Changes in tortuosity are likely to be the dominant factor.
•  M ulticomponent diffusion experiments show that the De values o f each diffusing 
species in multicomponent diffusion system are close to the values obtained from  
binary diffusion. It can be postulated that a diffusing species does not have a 
significant effect on the transport o f the other species across the washcoat. By  
assigning an appropriate value to the tortuosity factor, a reasonable match can be 
obtained between modelled and experimental data.
6.4 Future work
(a) In a binary com posite structure consisting o f washcoat/cordierite, to investigate 
further why values o f De varied depending on the direction o f  hydrocarbon flux 
through the structure.
(b) To explore why back calculated values o f tortuosity appeared to increase with the 
molar mass o f the hydrocarbon.
(c) To perform experiments with washcoated surfaces that are about 25 and 50 pm  
thick, and to make use o f a combined resistance in series model to calculate values
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o f De in the washcoat layer. Then to compare these values with predictions from the 
use o f mathematical model.
(d) To explore further the use o f a cryogel (freezing gel), as a method o f preparing a 
high surface area support. This was an exciting discovery in the thesis, but to have 
studied it further would have resulted in a distraction from the main thrust o f the 
work.
(e) To use the sol-gel method, described in this thesis, to coat monoliths, and to perform 
catalytic combustion experiments. Then to compare the results with mathematical 
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Appendix 1. Effective diffusivity experimental data
To obtain effective diffusivity, the following quantities should be determined:
1. Dimensions of the sample plate.
2. Volumetric flowrates on both chambers of the plate (at S.T.P.).
3. Concentration of diffusing gas in both chambers of the diffusion cell.
An example calculation is shown below.
The experimental quantities are:
T  = 398 K A = 0.45 cm2
P  = 1.5 bar L -  0.025 cm
Fi = 12.89 cm3/s Cj^ex = 1.48xl0'8 mol/cm3
C2,Hex = 1-03 xlO '5 mol/cm3
The hexane flux is calculated from a material balance in the upper chamber (on the 
nitrogen side) of the diffusion cell:
N =
c \,Hex'F\' (1-48x10 8mol/cm3)(12.89 cm3/s)
Hex A _ . _ 2A 0.45 cm
= 4.24x 10'7 mol/(cm2.s)
From Fick’s law:
A C  D e ( C l , H e x  ~ ^ 2 , H e x )
N Hex = ~ D e ^ — = ---------------:------------At L
Therefore, the effective diffusivity is:
D _ NHex-L _ (4.24xlO"7mol/cm2 -s)(0.025 cm) 
eff ~  { C l , H e x - C \ , H e x )  (l-03xlO'5 -1 .48x l0 '8) mol/cm3
= 0.00103 cm2/s
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Appendix 2. Use o f the transient method in a Wicke-Kallenbach type o f diffusion cell: summary o f experimental conditions 
reported in a selection o f publications.
Author Pellet: L (cm ), ID (cm ), £, Ru, rP(A), 
Se(cm 2/g)
Tracer/carrier Conditions: T(°C), P(atm), Fi and 
F2(cm 3/m in)
Remark
Gibilaro et a /.(1970) Alumina: £=0.8
Particle size= 30 /50 , 50 /80 , 180/270  
m esh size
CH4/N 2 T=95 V =0.1 cm 3 
pulse=0.2  cm 3 
D e= 0 .016  cm 2/s
W akao (1974) Silica-alum ina
L =1.15 , ID =2.76, S»=339, £=0.58- 
0.73
h 2/n 2 T=21
P=1
D e= 0 .010-0 .013  cm 2/s
D ogu and Smith (1975) A lum ina
L = 2.44 , ID =1.35, Sg=339, £=0.771, 
Rp= 24,35




V x=0A5,V2=0.5 cm 3 
Pulse= 1.0cm 3 
D e=0 .079cm 2/s
D ogu and Smith (1975) A lum ina He and T=24 D e=0.291 cm 2/s
L =0.57, ID =1.35, Sg=339, £=0.58- 
0 .73 , Rp=35
cyclopropane(2% )/N 2 P=1
F, and F2= 30-300
Pulse = 1 .0 -3 .0  cm 3
M offat (1978) A lum ina (14% C oM o04)
L =2.48 , ID =1.27, Sg=284, £=0.56, 
rp=41
Silica(6.8%  W O )
L =1.33 , ID =0.48, Sg=345, £=0.59, 
rp=57
He/Ar T = 20,100  
P =0.3-2  
F] and F2= 100
x=£D c/D e= 5 .0  (alumina), 
9 .9  (silica)
N ew  et al. (1979) B A SF  H 3-10
L=1 and 2, ID =1.27, Sg=284, 




V 2= 0 .4  cm 3 
D e=0.05  cm 2/s




F t and F2= 6-30
D a= 0 .0267 , D i= 4 .6 x l0 '7 cm 2/s
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Appendix 2. Use of the transient method (continued ).
Author Pellet: L (cm ), ID (cm ), £, rP(A), 
S e(cm 2/g)
Tracer/carrier Conditions: T(°C), P(atm), Fx and 
F2(cm 3/m in)
Remark
Cress w ell and Orr (1982) Silica-alum ina H e/N 2 T=50 V 2= 2 .3 8 x 1 0 ' W
L =0.33, 0 .426 , ID =0.318, Sg=264, F] and F2= 4 .3-14 .3 D e= 0.00381  cm 2/s
6=0.5 , rp=35 i=2>.91
W ang and Smith (1983) H D S -20A He and H2/N 2 T =23-229 V = 0 .226  cm 3
L = 0.476 , ID =0.952, P=1 t=6-8
Sg= 201, £=0 .569 ,0 .677 , 15<rp< 5x F i=30-60
105, R n=30.5-52 F2=30-300
D ogu and Ercan (1983) a-A lum ina Ethylene/H e T=45 D a= 0 .0 3 3 4 ,D j= 8 .9 x l0 '6 cm 2/s
L =0.6 ,ID = 1.34, £=0.73 P=1
F= 19-200
D ogu (1984) A lum ina (0.5%  Pt) B enzene (3% )/H2 T =202 D e= 0 .045 -0 .056  cm 2/s
L = 0.6 ,ID = 1.34 , Sg=339, £=0.74 P=0.93-1 .74 Pulse=0.2  cm 3
F2=40-200
D ogu et al. (1986) Activated soda N 2,C 0 2,S 0 2/H e T =202 V =0.5  cm 3
L =3,1 .3 ,ID =1.35 ,£=0.56 P =0.93-1 .74 Pulse=5 cm 3
F2= 40-200 D e= 0 .22  for C 0 2, 0 .23  cm2/s  for S 0 2
Al-R qobah et a l  (1986) Silica-alum ina H e/N 2 T =20-305 D e= 0 .02-0 .05  cm 2/sec
£=0.64 P=1
D ogu et a /.(1987 ) A ctivated soda N 2/H e T =200 D a= 0 .1 5 ,D j= 1 .5 x l0 '6 cm 2/s




Appendix 2. Use of the transient method (continued ).
Author Pellet: L(cm ), ID (cm ), £, Rn, rP(A), 
S2(cm 2/g)
Tracer/carrier Conditions: T(°C), P(atm), F t and 
F2(cm 3/m in)
Remark
B isw as et a /.(1987) y-A lum ina
L =0.5 , 1, ID =0.95, £=0.77,
rp,m=2000, rPi|I=18





V 1= 0 .5 2 3 ,V 2= 0 .172  cm 3 
P ulse= 0.226 cm 3 
t= 2 .8
A l-R qobah et al. (1988) Silica-A lum ina
L =1.27, ID =1.27, Sg=381-427 , 
£= 0 .4 -0 .7 , rpm= 1900-4000, rpp=19- 
29
H2 and H e/N 2 1=22-211
P=1
F2= 40-66
t= 4 .7 -13 .9
D ogu et al. (1989) y-A lum ina
L =1.3, ID =1.4, £=0.68, 
30<rp< 10,000
H e/N 2 T=45
P=1
D e = 00234
D ogu  et al. (1993) Soil
L =0.29, ID =1.35, £=0.49
B ezen e/N 2 T =35-90
F2= 48-120
D e=0 .0177  cm 2/s 
Pulse=0.5 pi o f  liquid benzene
Sun et al. (1994) 5A  (R P5A )
L = 0 .3 5 ,ID = 0 .1 6 , £=0.393, 
Sg=48,rp= 129




D a= 0 .0267 , D j= 4 .6 x l0 -7  cm 2/s
A l-B ayaty, et al. (1994) Chromia-alumina, silica-alum ina, 
zeolites
L =1.2 , ID =1.27
H e/N 2 T = 25-300
F=250
A t 25 °C,
D e= 1.86 T 131± 0 .0 3 2 x 105 for Silica- 
alumina,
D e=  4 .97  T 1 12± 0 .0 2 8 x 105 for zeolite, 
D e=2 .04  T 121± 0 .0 4 9 x 105 for chromia- 
alumina
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Appendix 3. Mercury porosimetry data for the cordierite monolith
SAMPLE DIRECTORY/NUMBER: KIM / I I
OPERATOR: S Kim 
SAMPLE ID:  C o r d i e r i t e  
SUBMITTER: S Kim
PENETROMETER NUMBER: 0 7 - 0  5 8 6 
PENETROMETER CONSTANT : 10 . 79 ^ / p F  
PENETROMETER WEIGHT: 6 3 . 1 6 0 7  g 
STEM VOLUME: 0 . 3 9 2 0  mL
MAXIMUM HEAD PRESSURE: 4 . 4 5 0 0  p s i a  
PENETROMETER VOLUME: 6 . 1 8 1 2  mL
LP 1 1 : 4 9 : 3 8  0 7 / 1 5 / 9 8  
HP 1 2 : 4 0 : 4 5  0 7 / 1 5 / 9 8  
REP 1 0 : 3 7 : 3 1  0 7 / 0 2 / 9 9
ADVANCING CONTACT ANGLE: 1 3 0 . 0 d e g  
RECEDING CONTACT ANGLE: 13 0 . 0 d e g
MERCURY SURFACE TENSION: 4 8 5 . Odyn/cm 
MERCURY DENSITY: 1 3 . 5 4 3 8  g/mL
SAMPLE WEIGHT: 1 . 0 4 0 4  g
SAMPLE+PEN+Hg WEIGHT: 1 4 3 . 7 6 7 1  g
LOW PRESSURE:
EVACUATION PRESSURE: 50 prnHg
EVACUATION TIME: 5 m in
MERCURY FILLING PRESSURE: 3 . 9 7 6 3  p s i a
EQUILIBRATION TIME: 5 s e c
HIGH PRESSURE:
EQUILIBRATION TIME: 5 s e c
INTRUSION DATA SUMMARY 
(FROM PRESSURE 0 . 0 0  TO 6 0 0 0 0 . 0 0  p s i a  )
TOTAL INTRUSION VOLUME = 0 . 0 8 8 0  mL/g
TOTAL PORE AREA = 0 . 6 5 2  s q - m / g
MEDIAN PORE DIAMETER (VOLUME) = 3 . 2 9 5 3  pm
MEDIAN PORE DIAMETER (AREA) = 0 . 0 2  64 |Jm
AVERAGE PORE DIAMETER (4V/A) = 0 . 5 3 9 7  (Jm
BULK DENSITY = 3 . 3 9 4 6  g/mL
APPARENT (SKELETAL) DENSITY = 4 . 8 4 0 9  g/mL
POROSITY = 2 9 . 8 8  %
STEM VOLUME USED = 23 %
PORE MEAN CUMULATIVE INCREMENTAL DIFFERE1
PRESSURE DIAMETER DIAMETER VOLUME VOLUME VOL dV/c
p s i a [im )lm mL/g mL/g mL/g- | im
3 . 98 4 5 . 4 8 5 5 4 5 . 4 8 5 5 0 . 0 0 0 0 0 . 0 0 0 0 4 . 3 3 2 E -0 5
4 . 9 6 3 6 . 4 7 9 8 4 0 . 9 8 2 7 0 . 0 0 0 4 0 . 0 0 0 4 5 . 8 8 4 E -0 5
5 . 9 6 3 0 . 3 6 8 7 3 3 . 4 2 4 3 0 . 0 0 0 9 0 . 0 0 0 4 7 . 9 8 2 E- 0 5
6 . 9 6 2 5 . 9 8 7 2 2 8 . 1 7 8 0 0 . 0 0 1 3 0 . 0 0 0 4 1 . 3 2 7 E -0 4
7 . 95 •22.7382 24 . 36 27 0 . 0 0 1 9 0 . 0 0 0 6 1 . 5 3 2 E -0 4
8 . 9 5 2 0 . 2 0 4 0 2 1 . 4 7 1 1 0 . 0 0 2 2 0 . 0 0 0 3 1 . 52 1 E- 0 4
9 . 9 5 1 8 . 1 6 9 3 1 9 . 1 8 6 6 0 . 0 0 2 7 0 . 0 0 0 5 1 . 8 10 E- 0 4
1 0 . 9 6 1 6 . 5 0 4 4 1 7 . 3 3 6 8 0 . 0 0 2 7 0 . 0 0 0 0 2 . 8 18 E- 0 4
1 1 . 9 5 1 5 . 1 3 3 3 1 5 . 8 1 8 9 0 . 0 0 3 5 0 . 0 0 0 8 4 . 0 4 3 E -0 4
1 2 . 9 5 1 3 . 9 7 0 8 1 4 . 5 5 2 1 0 . 0 0 3 9 0 . 0 0 0 4 4 . 5 6 8 E -0 4
1 3 . 9 4 1 2 . 9 7 1 2 1 3 . 4 7 1 0 0 . 0 0 4 4 0 . 0 0 0 5 4 . 9 2 0 E -0 4
1 4 . 9 4 1 2 . 1 0 5 0 1 2 . 5 3 8 1 0 . 0 0 4 7 0 . 0 0 0 3 6 . 0 4 6 E -0 4
15 . 94 1 1 . 3 4 9 6 1 1 . 7 2 7 3 0 . 0 0 5 4 0 . 0 0 0 6 7 . 4 3 5 E -0 4
1 6 . 9 3 1 0 . 6 8 5 0 1 1 . 0 1 7 3 0 . 0 0 5 9 0 . 0 0 0 5 9 . 2 6 1 E -0 4
17 . 92 1 0 . 0 9 2 9 1 0 . 3 8 9 0 0 . 0 0 6 5 0 . 0 0 0 6 1 . 02 6E -0 3
1 8 . 9 2 9 . 5 5 9 8 9 . 8 2 6 4 0 . 0 0 7 1 0 . 0 0 0 6 1 . 2 2 7 E - 0 3
19 .92 9 . 0 7 8 8 9 . 3 1 9 3 0 . 0 0 7 9 0 . 0 0 0 8 1 . 5 32E -0 3
2 0 . 9 3 8 . 6 4 3 1 8 . 8 6 0 9 0 . 0 0 8 1 0 . 0 0 0 2 1 . 9 33E -0 3
2 1 . 9 0 8 . 2 5 7 1 8 . 4 5 0 1 0 . 0 0 9 1 0 . 0 0 1 0 2 . 3 35 E- 03
22 . 9 0 7 . 8 9 6 8 8 . 0 7 6 9 0 . 0 1 0 5 0 . 0 0 1 4 2 . 4 8 2 E -0 3
23 . 9 1 7 . 5 6 5 6 7 . 7 3 1 2 0 . 0 1 0 9 0 . 0 0 0 4 2 . 4 81 E- 03
2 4 . 9 1 7 . 2 6 1 6 7 . 4 1 3 6 0 . 0 1 2 8 0 . 0 0 1 9 2 . 2 19 E- 03
2 6 . 5 5 6 . 8 1 2 9 7 . 0 3 7 3 0 . 0 1 3 0 0 . 0 0 0 3 1 . 5 39E -0 3
2 7 . 8 5 6 . 4 9 5 3 6 . 6 5 4 1 0 . 0 1 3 3 0 . 0 0 0 3 1 . 0 98E -0 3
29 .08 6 . 2 1 9 3 6 . 3 5 7 3 0 . 0 1 3 4 0 . 0 0 0 1 7 . 85 7 E- 0 4
3 0 . 9 1 5 . 8 5 1 5 6 . 0 3 5 4 0 . 0 1 3 7 0 . 0 0 0 3 8 . 7 4 8 E -0 4
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32 . 18 5 . 6 2 1 0 5 . 7 3 6 3 0 . 0 1 3 9 0 . 0 0 0 1 1 . 0 7 8 E -0 3
33 . 81 5 . 3 4 9 4 5 . 4 8 5 2 0 . 0 1 4 3 0 . 0 0 0 4 1 . 8 5 8 E -0 3
3 5 . 6 7 5 . 0 7 0 4 5 . 2 0 9 9 0 . 0 1 4 6 0 . 0 0 0 3 3 . 9 0 1 E -0 3
4 0 . 8 5 4 . 4 2 7 5 4 . 7 4 9 0 0 . 0 1 9 5 0 . 0 0 4 9 1 . 3 4 9 E - 0 2
43 .06 4 . 1 9 9 9 4 . 3 1 3 7 0 . 0 2 3 9 0 . 0 0 4 4 1 . 7 3 3 E - 0 2
4 5 . 9 4 3 . 9 3 7 0 4 . 0 6 8 4 0 . 0 2 9 3 0 . 0 0 5 4 2 . 0 54 E - 0 2
5 0 . 9 9 3 . 5 4 6 8 3 . 7 4 1 9 0 . 0 3 8 1 0 . 0 0 8 8 2 . 2 18 E - 0 2
5 5 . 4 8 3 . 2 6 0 2 3 . 4 0 3 5 0 . 0 4 4 8 0 . 0 0 6 8 2 . 1 5 5E - 02
6 1 . 7 9 2 . 9 2 7 1 3 . 0 9 3 7 0 . 0 5 1 6 0 . 0 0 6 8 1 . 9 3 9E - 02
6 6 . 7 7 2 . 7 0 8 7 2 . 8 1 7 9 0 . 0 5 5 7 0 . 0 0 4 1 1 . 7 61E -02
7 1 . 6 3 2 . 5 2 4 9 2 . 6 1 6 8 0 . 0 5 9 0 0 . 0 0 3 4 1 . 64 5E -0 2
7 6 . 5 7 2 . 3 6 2 1 2 . 4 4 3 5 0 . 0 6 1 4 0 . 0 0 2 3 1 . 5 4 4 E - 0 2
8 1 . 0 9 2 . 2 3 0 4 2 . 2 9 6 3 0 . 0 6 3 4 0 . 0 0 2 1 1 . 4 9 5 E - 0 2
8 6 . 8 3 2 . 0 8 2 9 2 . 1 5 6 7 0 . 0 6 5 5 0 . 0 0 2 1 1 . 4 9 4 E - 0 2
9 1 . 0 2 1 . 9 8 7 0 2 . 0 3 5 0 0 . 0 6 7 1 0 . 0 0 1 6 1 . 4 9 1 E - 0 2
1 0 1 . 1 6 1 . 7 8 7 9 1 . 8 8 7 5 0 . 0 7 0 1 0 . 0 0 3 0 1 . 4 6 8 E - 0 2
1 1 2 . 2 0 1 . 6 1 2 0 1 . 7 0 0 0 0 . 0 7 2 7 0 . 0 0 2 6 1 . 3 9 1 E - 0 2
1 2 7 . 4 9 1 . 4 1 8 6 1 . 5 1 5 3 0 . 0 7 5 3 0 . 0 0 2 6 1 . 3 2 3 E - 0 2
1 5 0 . 6 9 1 . 2 0 0 2 1 . 3 0 9 4 0 . 0 7 8 2 0 . 0 0 2 9 1 . 2 0 9 E - 0 2
1 7 6 . 5 0 1 . 0 2 4 7 1 . 1 1 2 5 0 . 0 8 0 1 0 . 0 0 1 9 9 . 1 24 E - 0 3
2 0 1 . 9 4 0 . 8 9 5 6 0 . 9 6 0 2 0 . 0 8 1 1 0 . 0 0 1 0 6 . 5 13 E - 0 3
2 5 1 . 5 9 0 . 7 1 8 9 0 . 8 0 7 3 0 . 0 8 2 1 0 . 0 0 0 9 5 . 4 2 7 E - 0 3
302 . 30 0 . 5 9 8 3 0 . 6 5 8 6 0 . 0 8 2 8 0 . 0 0 0 7 6 . 0 8 7 E -0 3
3 5 4 . 1 1 0 . 5 1 0 8 0 . 5 5 4 5 0 . 0 8 3 3 0 . 0 0 0 6 6 . 0 2 8 E - 0 3
5 0 1 . 9 8 0 . 3 6 0 3 0 . 4 3 5 5 0 . 0 8 4 0 0 . 0 0 0 7 3 . 4 0 7 E - 0 3
5 9 8 . 6 9 0 . 3 0 2 1 0 . 3 3 1 2 0 . 0 8 4 2 0 . 0 0 0 2 3 . 0 1 8 E -0 3
7 0 1 . 1 9 0 . 2 5 7 9 0 . 2 8 0 0 0 . 0 8 4 3 0 . 0 0 0 1 2 . 3 75 E - 0 3
8 1 5 . 9 0 0 . 2 2 1 7 0 . 2 3 9 8 0 . 0 8 4 4 0 . 0 0 0 1 8 . 2 1 4 E - 0 4
903 . 94 0 . 2 0 0 1 0 . 2 1 0 9 0 . 0 8 4 4 0 . 0 0 0 0 8 . 4 5 0 E - 0 5
1 0 1 0 . 3 0 0 . 1 7 9 0 0 . 1 8 9 6 0 . 0 8 4 4 0 . 0 0 0 0 0 . 000E+00
1 2 5 4 . 6 6 0 . 1 4 4 2 0 . 1 6 1 6 0 . 0 8 4 4 0 . 0 0 0 0 7 . 8 3 0 E - 0 4
1 5 0 8 . 9 8 0 . 1 1 9 9 0 . 1 3 2 0 0 . 0 8 4 5 0 . 0 0 0 1 1 . 0 4 0 E -0 2
1752 . 2 1 0 . 1 0 3 2 0 . 1 1 1 5 0 . 0 8 4 8 0 . 0 0 0 3 1 . 4 7 0 E - 0 2
2 0 1 1 . 8 3 0 . 0 8 9 9 0 . 0 9 6 6 0 . 0 8 4 9 0 . 0 0 0 1 1 . 3  5 2E - 02
2 5 1 0 . 8 3 0 . 0 7 2 0 0 . 0 8 1 0 0 . 0 8 5 2 0 . 0 0 0 3 1 . 2 1 6 E - 0 2
3 0 0 7 . 7 5 0 . 0 6 0 1 0 . 0 6 6 1 0 . 0 8 5 3 0 . 0 0 0 1 2 . 1 7 9 E -0 3
3 5 0 4 . 9 7 0 . 0 5 1 6 0 . 0 5 5 9 0 . 0 8 5 3 0 . 0 0 0 0 9 . 2 9 9 E - 0 3
4 5 0 6 . 2 9 0 . 0 4 0 1 0 . 0 4 5 9 0 . 0 8 5 6 0 . 0 0 0 3 4 . 0 05 E - 0 2
5 5 0 6 . 2 9 0 . 0 3 2 8 0 . 0 3 6 5 0 . 0 8 6 0 0 . 0 0 0 4 7 . 6 86 E - 0 2
6 4 9 2 . 7 3 0 . 0 2 7 9 0 . 0 3 0 4 0 . 0 8 6 5 0 . 0 0 0 5 9 . 3 8 6 E - 0 2
7 4 8 1 . 7 3 0 . 0 2 4 2 0 . 0 2 6 0 0 . 0 8 6 8 0 . 0 0 0 3 9 . 4 4 2 E - 0 2
8 9 9 7 . 0 6 0 . 0 2 0 1 0 . 0 2 2 1 0 . 0 8 7 2 0 . 0 0 0 4 7 . 7 9 5 E - 0 2
1 1 9 5 4 . 4 5 0 . 0 1 5 1 0 . 0 1 7 6 0 . 0 8 7 4 0 . 0 0 0 1 1 . 1 3 0 E - 0 1
1 4 9 5 6 . 1 7 0 . 0 1 2 1 0 . 0 1 3 6 0 . 0 8 8 0 0 . 0 0 0 6 1 . 0 4 5 E - 0 1
1 9 9 5 5 . 2 2 0 . 0 0 9 1 0 . 0 1 0 6 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
2 4 9 0 6 . 0 5 0 . 0 0 7 3 0 . 0 0 8 2 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
2 9 8 7 2 . 3 1 0 . 0 0 6 1 0 . 0 0 6 7 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
3 4 9 3 3 . 0 7 0 . 0 0 5 2 0 . 0 0 5 6 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
3 9 8 2 2 . 2 5 0 . 0 0 4 5 0 . 0 0 4 9 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
4 4 8 0 5 . 9 3 0 . 0 0 4 0 0 . 0 0 4 3 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
4 9 8 1 6 . 6 3 0 . 0 0 3 6 0 . 0 0 3 8 0 . 0 8 8 0 0 . 0 0 0 0 0 . OOOE+OO
5 4 7 7 1 . 4 2 0 . 0 0 3 3 0 . 0 0 3 5 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
5 9 7 0 5 . 1 3 0 . 0 0 3 0 0 . 0 0 3 2 0 . 0 8 8 0 0 . 0 0 0 0 0 . 000E+00
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Appendix 4. Nitrogen adsorption experimental data for the alumin (BET 
surface area and BJH average pore diameter).
1. Sample: Alumina gel(Lab2) calcined at 450°C
Summary r e p o r t
ASAP 2010  V 2 . 0 0  D U n i t  1 S e r i a l  # 180
Sa m p l e  I d  Al  S o l  L A B 2 - l ( C a l c ,  @450,24Hr)
O p e r a t o r  I d :  S KIM
S u b m i t t e r  I d :  S KIM
F i l e  Name: C : \ 20 00M \K IM\ 000 002 4. SMP
S t a r t e d :  2 1 / 0 2 / 9 9  1 7 : 4 3 : 0 3  
C o m p l e t e d :  2 2 / 0 2 / 9 9  0 9 : 1 8 : 0 1  
R e p o r t  T ime :  1 7 / 0 3 / 0 0  2 3 : 1 7 : 0 8  
S a m p l e  W e i g h t :  0 . 1 0 2 0  g 
Warm F r e e s p a c e :  2 8 . 3 8 0 0  cm3 
E q u i l .  I n t e r v a l :  10 s e c s
A n a l y s i s  A d s o r p t i v e :  
A n a l y s i s  B a t h :  
T h e r m a l  C o r r e c t i o n :  
S m oo t h ed  P r e s s u r e s :  
C o l d  F r e e s p a c e :  
Low P r e s s u r e  Do s e :
N2
7 7 . 0 7  K
Yes
Yes
9 1 . 5 0 8 1  cm3 
2 . 0 0  cm3/ g  STP
R e l a t i v e P r e s s u r e
A n a l y s i s  Log 
Vo l  A d s o r b e d E l a p s e d  Time
P r e s s u r e (mmHg) (cm3/ g  STP) (HR :MN)
0 . 0 0 0 0 0 1 4 1 7 0 . 0 0 1 0 4 2 . 0 5 3 5
0 2 : 1 4
0 2 : 5 1
0 . 0 0 0 0 0 3 2 3 4 0 . 0 0 2 3 8 4 . 1 0 7 2 0 3 : 1 9
0 . 0 0 0 0 0 7 2 3 0 0 . 0 0 5 3 2 6 . 1 5 7 4 0 3 : 3 9
0 . 0 0 0 0 1 7 1 5 8 0 . 0 1 2 6 2 8 . 2 0 4 0 0 3 : 5 8
0 . 0 0 0 0 2 9 4 6 4 0 . 0 2 1 6 7 1 0 . 2 4 6 2 0 4 : 1 5
0 . 0 0 0 0 4 8 3 7 4 0 . 0 3 5 5 8 1 2 . 2 8 0 6 0 4 : 3 0
0 . 0 0 0 0 7 6 1 0 4 0 . 0 5 5 9 7 1 4 . 3 0 5 5 0 4 : 4 2
0 . 0 0 0 1 1 5 3 9 7 0 . 0 8 4 8 6 1 6 . 3 1 6 6 0 4 : 5 3
0 . 0 0 0 1 6 9 5 3 1 0 . 1 2 4 6 6 1 8 . 3 1 0 8 0 5 : 0 4
0 . 0 0 0 2 4 2 4 8 4 0 . 1 7 8 2 9 2 0 . 2 8 3 0 0 5 : 1 2
0 . 0 0 0 3 3 9 6 1 9 0 . 2 4 9 7 0 2 2 . 2 2 5 4 0 5 : 2 1
0 . 0 0 0 4 6 7 3 8 4 0 . 3 4 3 6 2 2 4 . 1 3 2 6 0 5 : 2 8
0 . 0 0 0 6 3 2 9 8 7 0 . 4 6 5 3 5 2 5 . 9 9 5 1 0 5 : 3 5
0 . 0 0 0 8 4 4 4 1 5 0 . 6 2 0 7 6 2 7 . 8 0 3 1 0 5 : 4 2
0 . 0 0 1 1 0 8 5 4 5 0 . 8 1 4 9 0 2 9 . 5 4 7 8 0 5 : 4 8
0 . 0 0 1 4 5 8 4 4 9 1 . 0 7 2 0 7 3 1 . 3 3 3 9 0 5 : 5 6
0 . 0 0 1 8 9 2 6 2 0 1 . 3 9 1 1 6 3 3 . 0 4 9 0 0 6 : 0 4
0 . 0 0 2 4 2 1 9 3 9 1 . 7 8 0 1 6 3 4 . 6 8 4 7 0 6 : 1 1
0 . 0 0 4 2 3 2 4 4 7 3 . 1 1 0 7 1 3 8 . 4 7 7 2 0 6 : 2 2
0 . 0 0 8 1 4 3 1 5 9 5 . 9 8 4 5 3 4 3 . 0 3 8 6
0 6 : 2 5
0 6 : 3 0
0 . 0 1 7 5 3 2 3 7 9 1 2 . 8 8 3 6 9 4 8 . 7 2 6 2 0 6 : 3 8
0 . 0 2 1 8 2 6 6 9 4 1 6 . 0 3 8 6 8 5 0 . 4 6 3 1 0 6 : 4 2
0 . 0 2 6 5 3 6 7 4 0 1 9 . 4 9 8 8 7 5 2 . 0 6 9 4 0 6 : 4 6
0 . 0 3 2 2 0 2 6 5 7 2 3 . 6 6 0 8 3 5 3 . 7 3 1 7 0 6 : 5 1
0 . 0 4 6 2 8 9 8 6 0 3 4 . 0 0 9 5 3 5 7 . 2 9 6 9 0 6 : 5 6
0 . 0 6 2 5 5 3 0 1 8 4 5 . 9 5 5 7 2 6 0 . 4 4 0 7 0 7 : 0 1
0 . 0 6 6 3 5 6 3 4 9 4 8 . 7 4 8 3 2 6 1 . 0 7 4 5 0 7 : 0 4
0 . 0 7 0 5 1 1 9 2 8 5 1 . 7 9 9 5 1 6 1 . 7 9 8 8 0 7 : 0 7
0 . 0 7 8 2 5 8 9 7 4 5 7 . 4 8 8 1 6 63 . 096 0 0 7 : 1 1
0 . 0 9 3 6 1 1 2 2 9 6 8 . 7 6 2 0 2 6 5 . 5 2 0 3 0 7 : 1 6
0 . 1 0 9 5 2 7 2 4 6 8 0 . 4 4 9 6 3 6 7 . 8 3 8 7 0 7 : 2 0
0 . 1 2 5 0 9 2 5 3 0 9 1 . 8 7 8 6 2 7 0 . 0 1 6 1 0 7 : 2 4
0 . 1 3 2 9 8 2 7 7 1 9 7 . 6 7 0 7 1 7 1 . 1 0 7 4 0 7 : 2 7
0 . 1 4 0 7 3 6 1 4 0 1 0 3 . 3 5 9 3 7 72 . 240 9
0 7 : 3 0
0 7 : 3 4
0 . 1 5 6 2 3 1 5 0 5 1 1 4 . 7 3 6 6 6 7 4 . 3 1 0 1 0 7 : 3 8
0 . 1 7 1 7 9 8 0 5 5 1 2 6 . 1 6 5 6 6 7 6 . 4 5 1 1 0 7 : 4 2
0 . 1 8 7 3 7 9 4 8 6 1 3 7 . 6 0 5 0 4 7 8 . 6 3 8 3 0 7 : 4 6
S a t u r a t i o n  
P r e s s . (mmHg)
7 3 6 . 0 0 7 8 7
7 3 4 . 9 5 4 6 5
7 3 4 . 4 3 7 5 0
A-8
0 . 1 9 5 3 1 9 5 3 3 1 4 3 . 4 3 3 3 0 7 9 . 6 7 6 6 0 7 : 4 9
0 . 2 0 3 1 9 0 7 3 8 1 4 9 . 2 0 9 8 8 8 0 . 7 7 9 3 0 7 : 5 3
0 . 2 1 8 6 4 7 1 9 0 1 6 0 . 5 5 6 1 5 8 2 . 8 9 7 1 0 7 : 5 7
0 . 2 4 9 2 9 0 1 3 4 1 8 3 . 0 5 2 1 5 8 7 . 3 1 1 9 0 8 : 0 2
0 . 2 8 1 3 4 3 6 2 6 2 0 6 . 5 8 2 5 0 9 2 . 0 7 0 7 0 8 : 0 7
0 . 3 1 2 6 4 5 4 1 9 2 2 9 . 5 5 9 4 8 9 7 . 0 2 5 2 0 8 : 1 2
0 . 3 7 2 8 5 3 0 2 3 2 7 3 . 7 5 5 1 0 1 0 7 . 6 4 7 3 0 8 : 1 9
0 . 4 3 6 9 7 7 9 2 6 3 2 0 . 8 2 0 9 8 1 2 1 . 2 7 5 9 0 8 : 2 7
0 . 4 9 9 6 2 8 8 1 3 3 6 6 . 7 9 5 6 2 1 3 7 . 9 0 8 6 0 8 : 3 7
0 8 : 3 9
0 . 5 6 2 4 0 7 9 0 1 4 1 2 . 8 7 3 6 0 1 5 8 . 6 1 4 6 0 8 : 5 1
0 . 6 2 3 9 9 1 9 0 2 4 5 8 . 0 7 2 5 7 1 8 2 . 2 0 8 7 0 9 : 1 3
0 . 6 7 8 7 9 1 6 1 5 4 9 8 . 2 9 1 3 2 2 0 2 . 8 0 3 2 0 9 : 3 1
0 . 6 8 7 7 6 2 6 8 3 5 0 4 . 8 7 4 6 6 2 0 5 . 6 5 0 4 0 9 : 3 5
0 . 7 1 8 6 2 4 5 4 6 5 2 7 . 5 2 5 8 2 2 1 4 . 1 3 0 1 0 9 : 4 2  
09 : 44
0 . 7 5 1 0 4 4 8 7 7 5 5 1 . 3 1 9 9 5 2 2 0 . 3 5 3 8 0 9 : 5 0
0 . 8 1 4 4 4 6 1 4 2 5 9 7 . 8 5 8 2 8 2 2 4 . 7 0 6 4 09 :54
0 . 8 4 7 9 8 4 9 6 3 6 2 2 . 4 7 4 5 5 2 2 5 . 4 1 1 5 0 9 : 5 9
0 . 8 8 2 2 9 9 1 7 6 6 4 7 . 6 5 9 7 3 2 2 5 . 5 2 9 2 1 0 : 0 4
0 . 9 1 6 4 7 1 9 7 8 6 7 2 . 7 4 1 5 8 2 2 5 . 6 8 6 5 1 0 : 0 8
0 . 9 3 3 5 4 5 1 9 5 6 8 5 . 2 7 1 9 7 2 2 5 . 7 3 6 4 1 0 : 1 1
0 . 9 5 0 5 7 5 5 5 6 6 9 7 . 7 7 1 6 1 2 2 5 . 7 8 2 8 1 0 : 1 3
0 . 9 6 7 6 2 6 9 4 7 7 1 0 . 2 8 6 6 2 2 2 5 . 8 1 4 3 1 0 : 1 5
0 . 9 8 4 6 7 9 5 9 9 7 2 2 . 8 0 1 7 0 2 2 5 . 8 8 0 9 1 0 : 1 8
0 . 9 9 6 2 4 4 6 7 3 7 3 1 . 2 8 2 8 4 2 3 3 . 0 2 6 7 1 0 : 2 8
0 . 9 6 1 6 0 1 1 1 6 7 0 5 . 8 4 4 4 2 2 2 6 . 2 1 3 1 1 0 : 3 9
0 . 9 2 7 6 9 0 9 9 0 6 8 0 . 9 4 8 7 9 2 2 6 . 3 5 2 4 1 0 : 4 5
1 0 : 4 7
0 . 8 9 3 6 2 7 6 8 0 6 5 5 . 9 7 0 4 0 2 2 6 . 5 0 4 7 1 0 : 5 3
0 . 8 7 6 6 5 2 3 0 7 6 4 3 . 5 2 2 5 2 2 2 6 . 5 9 2 5 1 0 : 5 6
0 . 8 5 9 5 8 6 1 5 8 6 3 1 . 0 0 7 5 1 2 2 6 . 7 6 7 4 1 0 : 5 9
0 . 8 0 8 1 8 5 9 1 4 5 9 3 . 3 0 7 3 1 2 2 6 . 9 2 2 9 1 1 : 0 7
0 . 7 3 9 5 8 8 7 1 3 5 4 2 . 9 8 8 6 5 2 2 7 . 0 4 6 7 1 1 : 1 8
0 . 6 8 8 1 5 9 0 6 5 5 0 5 . 2 5 7 3 2 2 2 7 . 0 5 4 3 1 1 : 2 6
0 . 6 1 9 4 8 0 7 9 6 4 5 4 . 8 6 6 2 1 2 2 6 . 8 5 7 2 1 1 : 3 7
0 . 6 0 2 3 5 4 1 5 3 4 4 2 . 2 9 9 5 3 2 2 6 . 7 8 0 9 1 1 : 4 0
0 . 5 8 5 2 3 1 9 5 8 4 2 9 . 7 3 2 7 3 2 2 6 . 7 1 0 0 1 1 : 4 2
0 . 5 5 8 0 9 4 7 0 6 4 0 9 . 8 2 2 4 8 2 2 6 . 4 9 6 0 1 1 : 4 8
1 1 : 5 0
0 . 5 2 0 1 2 5 3 1 0 3 8 1 . 9 9 4 6 0 1 9 5 . 5 6 9 7 1 2 : 1 3
0 . 5 0 4 5 7 3 7 3 3 3 7 0 . 6 2 2 5 3 1 7 1 . 4 6 7 4 1 2 : 3 7
0 . 4 9 5 0 3 5 8 1 0 3 6 3 . 6 4 0 9 3 1 6 1 . 7 6 6 9 1 2 : 4 9
0 . 4 6 7 9 6 2 8 0 9 3 4 3 . 7 8 2 4 4 1 4 3 . 5 6 1 4 13 :04 
13 :06
0 . 4 3 7 2 0 7 7 8 6 3 2 1 . 2 3 4 6 5 1 2 8 . 5 2 3 5 13 :18
0 . 4 2 0 3 5 3 3 6 6 3 0 8 . 8 7 4 7 9 122 . 95 2 1 1 3 : 2 5
0 . 4 0 4 2 3 3 3 5 9 2 9 7 . 0 5 2 7 0 1 1 8 . 6 3 6 8 1 3 : 3 2
0 . 3 7 2 4 3 7 7 0 1 2 7 3 . 7 0 8 5 9 1 1 1 . 6 6 0 3 1 3 : 3 9
0 . 3 4 1 4 8 0 9 1 0 2 5 0 . 9 7 4 6 6 1 0 5 . 8 1 6 8 13 :45
0 . 3 1 0 3 8 0 4 9 5 2 2 8 . 1 3 2 1 6 1 0 0 . 4 5 5 5 13 :51
0 . 2 7 9 1 8 1 6 9 4 2 0 5 . 2 1 2 0 7 9 5 . 4 9 2 3 13 :56
0 . 2 4 8 1 7 3 5 6 9 1 8 2 . 4 3 1 6 3 9 0 . 8 4 3 9 1 4 : 0 2
0 . 1 8 6 9 6 2 6 5 1 1 3 7 . 4 4 4 7 3 8 2 . 2 8 2 8 1 4 : 0 8
1 4 : 1 0
0 . 1 2 4 3 9 6 8 0 1 9 1 . 4 6 4 9 0 7 3 . 6 9 8 1 1 4 : 1 9
0 . 1 0 8 7 7 5 4 9 8 7 9 . 9 8 4 1 8 7 1 . 5 7 4 1 1 4 : 2 3
0 . 0 9 3 2 9 6 8 2 5 6 8 . 6 0 6 8 8 6 9 . 3 3 4 9 1 4 : 2 7
0 . 0 6 1 9 9 4 8 2 1 4 5 . 5 9 3 7 0 6 4 . 2 5 0 8 1 4 : 3 4
0 . 0 4 6 4 5 8 5 8 8 3 4 . 1 6 9 8 6 6 1 . 2 6 8 2 1 4 : 3 8
0 . 0 3 0 9 0 8 2 9 8 2 2 . 7 3 5 6 7 5 7 . 4 7 1 1 1 4 : 4 6
0 . 0 2 3 8 6 8 5 2 2 1 7 . 5 5 9 0 0 5 5 . 2 2 4 8 1 4 : 5 2
0 . 0 1 9 2 3 4 6 5 8 1 4 . 1 5 0 9 8 5 3 . 5 5 5 7 1 4 : 5 6
0 . 0 1 5 4 3 7 8 2 8 1 1 . 3 5 8 3 7 5 1 . 7 7 6 9 1 5 : 0 0
0 . 0 1 1 6 4 0 7 4 1 8 . 5 6 5 7 6 4 9 . 6 4 2 1 1 5 : 0 8
0 . 0 0 9 6 0 1 8 5 7 7 . 0 6 6 0 3 4 8 . 2 0 9 9 1 5 : 1 3
1 5 : 1 6
0 . 0 0 8 0 5 5 4 3 6 5 . 9 2 8 3 0 4 6 . 9 6 0 9 1 5 : 1 9
0 . 0 0 5 8 7 7 0 3 7 4 . 3 2 5 1 3 4 4 . 7 7 0 3 1 5 : 2 6















9 3 7 2 6
BJH Desorption Pore Distribution Report
t = [ 1 3 . 9 9 0 0  /  ( 0 . 0 3 4 0  -  l o g ( P / P o ) ) ]  0 . 5 0 0 0
D i a m e t e r  R a n g e :  1 . 0 0 0 0  t o  5 0 0 . 0 0 0 0  run
A d s o r b a t e  P r o p e r t y  F a c t o r :  0 . 9 5 3 0 0 0  nm 
D e n s i t y  C o n v e r s i o n  F a c t o r :  0 . 0 0 1 5 4 7  
F r a c t i o n  o f  P o r e s  Open a t  B o t h  E n d s :  0 . 0 0 0
P o r e A v e r a g e I n c r e m e n t a l C u m u l a t i v e I n c r e m e n t a l
D i a m e t e r D i a m e t e r P o r e  Volume P o r e  Volume P o r e  A r e a
Ra nge  (nm) (nm) (cm3 / g) (cm3/ g) (m2/ g )
100in 4 . 1 4 . 3 0 . 0 9 0 3 4 3 0 . 0 9 0 3 4 3 8 4 . 1 1 0
4 . 1 - 3 . 9 4 . 0 0 . 0 7 1 9 4 7 0 . 1 6 2 2 9 0 7 1 . 6 1 3
3 . 9 - 3 . 9 3 . 9 0 . 0 2 8 2 1 5 0 . 1 9 0 5 0 5 2 8 . 9 6 0
3 . 9 - 3 . 6 3 . 7 0 . 0 5 0 7 3 0 0 . 2 4 1 2 3 4 5 4 . 5 3 3
3 . 6 - 3 . 4 3 . 5 0 . 0 3 9 2 7 9 0 . 2 8 0 5 1 3 4 5 . 2 7 3
3 . 4 - 3 . 2 3 . 3 0 . 0 1 2 6 6 4 0 . 2 9 3 1 7 8 1 5 . 4 1 4
3 . 2 - 3 . 1 3 . 2 0 . 0 0 8 7 3 5 0 . 3 0 1 9 1 3 1 1 . 0 4 7
3 . 1 - 2 . 9 3 . 0 0 . 0 1 2 1 0 4 0 . 3 1 4 0 1 7 1 6 . 2 0 8
2 . 9 - 2 . 7 2 . 8 0 . 0 0 8 5 2 7 0 . 3 2 2 5 4 4 1 2 . 2 7 0
2 . 7 - 2 . 5 2 . 6 0 . 0 0 6 7 5 1 0 . 3 2 9 2 9 5 1 0 . 4 3 5
2 . 5 - 2 . 3 2 . 4 0 . 0 0 5 1 9 1 0 . 3 3 4 4 8 6 8 . 6 2 5
2 . 3 - 2 . 2 2 . 2 0 . 0 0 3 9 4 0 0 . 3 3 8 4 2 6 7 . 0 4 6
2 . 2 - 1 . 9 2 . 0 0 . 0 0 4 5 2 7 0 . 3 4 2 9 5 4 9 . 1 5 2




8 4 . 1 1 0
1 5 5 . 7 2 3
1 8 4 . 6 8 3
2 3 9 . 2 1 6
2 8 4 . 4 8 9
2 9 9 . 9 0 3
3 1 0 . 9 5 0
3 2 7 . 1 5 8
3 3 9 . 4 2 8
3 4 9 . 8 6 2
3 5 8 . 4 8 7
3 6 5 . 5 3 3
3 7 4 . 6 8 5
3 7 7 . 1 1 6
Summary Report 
Area
Single Point Surface Area at P/Po 0 . 1 7 1 7 9 8 0 6  : 2 7 5 . 6 3 1 4  m 2/g
BET Surface Area: 2 8 5 . 2 6 0 9  m 2/g
BJH Adsorption Cumulative Surface Area of pores
between 1 . 0 0 0 0 0 0  and 5 0 0 . 0 0 0 0 0 0  nm Diameter: 3 2 2 . 5 9 1 8  m 2/g
BJH Desorption Cumulative Surface Area of pores
between 1 . 0 0 0 0 0 0  and 5 0 0 . 0 0 0 0 0 0  nm Diameter: 3 7 7 . 1 1 5 9  m 2/g
Volume
Single Point Total Pore Volume of pores less than
5 1 0 . 5 5 4 9  nm Diameter at P/Po 0 . 9 9 6 2 4 4 6 7 :  0 . 3 6 0 4 4 6  cm3/g
BJH Adsorption Cumulative Pore Volume of pores
between 1 . 0 0 0 0 0 0  and 5 0 0 . 0 0 0 0 0 0  nm Diameter: 0 . 3 2 3 2 2 0  cm3/g
BJH Desorption Cumulative Pore Volume of pores
between 1 . 0 0 0 0 0 0  and 5 0 0 . 0 0 0 0 0 0  nm Diameter: 0 . 3 4 3 9 6 6  cm3/g
Pore Size
A v e r a g e  P o r e  D i a m e t e r  (4V/A b y  B E T ) : 5 . 0 5 4 3  nm
BJH A d s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) : 4 . 0 0 7 8  nm
BJH D e s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) : 3 . 6 4 8 4  nm
A-10
2. Sample: A lum ina gel(Lab2) calcined at 600°C
ASAP 2010 V 2 . 00  D
Summary r e p o r t  
U n i t  1 S e r i a l  # 180
S a m p l e  I d  Al  S o l  L a b 2 ( c a l c .  6 0 0 C , 1 6 h r s )  
O p e r a t o r  I d :  S KIM 
S u b m i t t e r  I d :  S KIM
F i l e  Name: C: \2 000 M\ KI M\ 0000 028 .S MP
S t a r t e d :  2 5 / 0 2 / 9 9  1 1 : 0 5 : 1 2  
C o m p l e t e d :  2 6 / 0 2 / 9 9  0 1 : 2 2 : 1 8  
R e p o r t  T ime :  1 7 / 0 3 / 0 0  2 3 : 1 9 : 1 1  
S a m p l e  W e i g h t :  0 . 1 1 7 0  g 
Warm F r e e s p a c e :  2 8 . 2 7 2 7  cm3 
E q u i l .  I n t e r v a l :  10 s e c s
A n a l y s i s  A d s o r p t i v e :  N2
A n a l y s i s  B a t h :  
T h e r m a l  C o r r e c t i o n :  
S mo o th ed  P r e s s u r e s :  
C o l d  F r e e s p a c e :  
Low P r e s s u r e  Do s e :
7 7 . 2 0  K
Yes
Yes
9 0 . 8 5 7 0  cm3 
3 . 0 0  cm3 / g  STP
A n a l y s i s  Log
R e l a t i v e P r e s s u r e Vol  A d s o r b e d E l a p s e d  Time
P r e s s u r e (mmHg) (cm3/ g  STP) (HR:MN)
0 . 0 0 1 1 5 9 7 0 0 0 . 8 6 5 6 0 2 3 . 5 7 3 0 0 3 : 5 4
0 . 0 0 2 1 0 2 8 1 9 1 . 5 6 9 4 2 2 6 . 3 9 4 6 0 4 : 1 7
0 . 0 0 4 1 8 6 8 1 4 3 . 1 2 4 6 0 3 0 . 4 3 5 2 0 4 : 3 3
0 4 : 3 6
0 . 0 0 8 5 7 3 3 2 3 6 . 3 9 8 1 1 3 4 . 9 2 6 2 0 4 : 4 5
0 . 0 1 7 8 5 7 1 4 3 1 3 . 3 2 6 2 9 3 9 . 8 0 6 8 0 4 : 5 6
0 . 0 2 2 4 2 2 8 0 1 1 6 . 7 3 3 4 4 4 1 . 4 0 6 8 0 5 : 0 0
0 . 0 2 7 3 0 7 7 2 9 2 0 . 3 7 8 8 1 4 2 . 8 4 6 8 0 5 : 0 5
0 . 0 3 2 7 2 2 0 1 9 2 4 . 4 1 9 2 0 4 4 . 2 4 1 7 0 5 : 0 9
0 . 0 4 6 3 4 6 4 1 7 3 4 . 5 8 6 3 9 4 7 . 3 2 3 1 0 5 : 1 4
0 . 0 6 2 7 0 1 3 5 9 4 6 . 7 9 1 1 4 5 0 . 0 1 0 2 0 5 : 1 9
0 . 0 6 6 3 0 5 2 1 1 4 9 . 4 8 0 3 2 5 0 . 5 9 5 8 0 5 : 2 3
0 . 0 7 0 5 9 5 1 0 0 5 2 . 6 8 1 4 8 5 1 . 1 4 6 8 0 5 : 2 6
0 . 0 7 8 2 1 8 4 2 4 5 8 . 3 7 0 1 3 5 2 . 1 9 6 2 0 5 : 3 0
0 . 0 9 3 6 7 9 7 2 5 6 9 . 9 0 7 7 5 5 4 . 1 4 7 3 0 5 : 3 4
0 . 1 0 9 4 8 0 8 4 2 8 1 . 6 9 8 7 8 5 6 . 0 2 8 2 0 5 : 3 9
0 5 : 4 1
0 . 1 2 5 1 0 6 8 7 8 9 3 . 3 5 5 3 4 5 7 . 7 9 9 3 0 5 : 4 6
0 . 1 3 2 9 1 3 9 1 9 9 9 . 1 7 8 4 5 5 8 . 7 0 0 2 0 5 : 4 9
0 . 1 4 0 7 4 9 0 5 8 1 0 5 . 0 2 2 2 3 5 9 . 5 0 9 6 0 5 : 5 2
0 . 1 5 6 2 0 9 9 8 3 1 1 6 . 5 5 4 6 8 6 1 . 1 6 3 8 0 5 : 5 6
0 . 1 7 1 9 6 3 0 8 3 1 2 8 . 3 0 4 3 4 6 2 . 8 3 7 5 0 6 : 0 0
0 . 1 8 7 6 8 9 5 3 6 1 4 0 . 0 3 3 3 1 6 4 . 4 3 0 5 0 6 : 0 4
0 . 1 9 5 5 2 7 0 8 0 1 4 5 . 8 7 7 0 9 6 5 . 2 5 2 9 0 6 : 0 7
0 . 2 0 3 3 6 5 0 8 6 1 5 1 . 7 2 0 9 2 6 6 . 0 7 1 0 0 6 : 1 0
0 . 2 1 8 7 5 4 2 4 1 1 6 3 . 1 9 6 4 6 6 7 . 6 5 0 4 0 6 : 1 4
0 . 2 4 9 4 8 0 8 2 0 1 8 6 . 1 1 1 3 6 7 0 . 9 7 5 7 0 6 : 1 9
0 . 2 8 1 7 2 1 3 6 9 2 1 0 . 1 5 3 6 7 7 4 . 4 7 5 3 0 6 : 2 4
0 . 3 1 2 9 3 8 5 7 5 2 3 3 . 4 3 0 5 9 7 8 . 1 9 4 1 0 6 : 2 9
0 . 3 7 3 4 1 6 2 0 6 2 7 8 . 5 2 6 0 9 8 6 . 0 3 3 4 0 6 : 3 6
0 . 4 3 7 1 5 6 6 8 9 3 2 6 . 0 4 7 0 0 9 5 . 9 0 3 6 0 6 : 4 4
0 6 : 4 6
0 . 4 9 9 4 8 8 0 6 6 3 7 2 . 5 4 3 9 5 1 0 8 . 3 7 4 1 0 6 : 5 6
0 . 5 6 1 6 7 8 1 0 5 4 1 8 . 9 4 7 8 5 1 24 . 8 4 9 3 0 7 : 0 8
0 . 6 2 3 6 7 7 2 8 9 4 6 5 . 2 1 7 2 5 1 4 7 . 3 1 6 1 0 7 : 2 2
0 . 6 7 3 3 6 1 8 3 4 5 0 2 . 3 2 2 7 5 1 7 1 . 4 5 4 5 0 7 : 4 5
0 . 6 9 0 6 9 1 2 0 1 5 1 5 . 2 7 2 1 6 1 8 0 . 7 6 2 7 0 7 : 5 6
0 7 : 5 8
0 . 7 1 9 8 2 5 2 1 9 5 3 7 . 0 4 9 3 8 1 9 5 . 8 0 3 0 0 8 : 1 1
0 . 7 5 1 3 7 3 6 2 2 5 6 0 . 6 2 1 0 3 2 0 9 . 1 9 2 4 0 8 : 2 2
0 . 8 1 9 3 9 4 3 0 0 6 1 1 . 4 0 0 0 9 2 2 1 . 6 5 4 1 0 8 : 3 0
0 . 8 6 1 8 8 6 6 3 2 6 4 3 . 1 1 6 8 2 2 2 2 . 8 8 3 7 0 8 : 3 3
0 . 8 9 3 6 6 7 9 9 3 6 6 6 . 8 3 8 5 6 2 2 3 . 3 8 1 5 0 8 : 3 5
0 . 9 2 5 0 0 4 8 3 1 6 9 0 . 2 2 9 1 3 223 .7212 0 8 : 3 7
0 . 9 5 6 2 4 5 9 0 8 7 1 3 . 5 5 2 6 7 2 2 4 . 0 0 7 6 0 8 : 4 0
0 . 9 8 7 4 8 4 2 7 0 7 3 6 . 8 7 0 9 1 2 2 4 . 2 5 6 7 0 8 : 4 2
0 . 9 9 6 8 5 6 1 3 2 7 4 3 . 9 0 9 3 0 2 4 0 . 4 1 9 9 0 8 : 5 3
S a t u r a t i o n  
P r e s s . (mmHg)
7 4 6 . 2 8 8 2 7
7 4 6 . 2 3 6 5 1
7 4 5 . 8 2 2 8 1
7 4 6 . 0 2 9 6 6
A -11
0 . 9 5 8 6 0 8 0 8 8 7 1 5 . 3 7 8 3 0 2 2 4 . 6 4 5 9 0 8 : 5 6
0 . 9 1 2 7 0 1 7 6 4 6 8 1 . 1 2 7 3 8 2 2 4 . 7 3 0 0 0 8 : 5 8
0 9 : 0 1
0 . 88 086 3 23 6 6 5 7 . 3 9 0 1 4 2 2 4 . 6 5 4 8 0 9 : 0 3
0 . 8 49 033 132 6 3 3 . 6 5 2 9 5 2 2 4 . 6 8 2 3 0 9 : 0 6
0 . 7 8 6 9 1 7 7 5 6 5 8 7 . 3 1 1 2 2 2 2 4 . 6 2 1 1 0 9 : 0 9
0 . 7 2 4 8 8 8 8 5 1 5 4 1 . 0 3 1 4 3 2 2 4 . 4 1 9 5 0 9 : 1 2
0 . 6 6 2 9 3 8 8 8 3 4 9 4 . 8 0 3 3 8 2 2 4 . 1 3 3 6 0 9 : 1 4
0 . 6 0 3 6 3 8 8 7 0 4 5 0 . 5 7 6 6 6 2 2 0 . 7 2 9 5 0 9 : 2 2
0 . 59 437 6 06 8 4 4 3 . 7 2 4 5 2 2 1 0 . 8 5 5 0 0 9 : 3 7
0 . 5 7 5 9 3 2 5 5 9 4 3 0 . 0 7 1 7 5 1 7 5 . 8 5 7 5 1 0 : 0 6
1 0 : 0 8
0 . 5 6 1 8 3 1 9 5 3 4 1 9 . 6 0 4 5 5 1 5 6 . 8 0 7 5 1 0 : 3 2
0 . 5 3 2 2 8 5 6 6 4 3 9 7 . 5 8 9 5 1 1 3 3 . 6 0 2 6 1 0 : 5 6
0 . 5 0 1 5 3 7 7 5 1 3 7 4 . 6 4 8 7 7 1 1 9 . 7 3 1 1 1 1 : 0 9
1 1 : 1 2
0 . 4 7 0 3 3 2 7 6 4 3 5 1 . 2 8 9 0 6 1 0 9 . 7 7 4 3 1 1 : 2 2
0 . 4 3 5 7 0 5 2 3 5 3 2 5 . 3 7 9 8 5 1 0 1 . 6 3 4 5 1 1 : 3 1
0 . 4 2 0 7 1 7 7 3 7 3 1 4 . 1 5 7 6 8 9 8 . 5 4 7 7 1 1 : 3 7
0 . 4 0 3 3 7 2 5 2 3 3 0 1 . 1 7 7 2 5 9 5 . 5 6 0 5 1 1 : 4 3
0 . 3 7 2 8 6 2 8 1 5 2 7 8 . 3 7 0 9 4 9 0 . 7 7 1 8 1 1 : 4 9
0 . 3 4 1 4 4 6 7 2 4 2 5 4 . 8 9 2 3 2 8 6 . 3 1 1 8 1 1 : 5 5
0 . 3 1 0 5 0 9 6 8 8 2 3 1 . 7 7 5 7 1 8 2 . 2 8 6 7 1 2 : 0 1
0 . 2 7 9 4 2 8 2 1 5 2 0 8 . 5 5 5 6 6 7 8 . 6 6 0 5 1 2 : 0 7
0 . 2 4 8 6 8 3 4 7 0 1 8 5 . 5 9 4 2 2 7 5 . 1 9 4 3 1 2 : 1 2
1 2 : 1 8
0 . 1 8 7 3 1 9 4 9 1 1 3 9 . 7 6 4 3 9 6 8 . 7 1 1 5 1 2 : 2 4
0 . 1 2 4 7 0 0 1 6 3 9 3 . 0 2 4 3 5 6 2 . 0 7 7 0 1 2 : 3 2
0 . 1 0 8 7 6 6 0 3 6 8 1 . 1 2 9 9 1 6 0 . 3 6 1 8 1 2 : 3 6
0 . 0 9 3 3 8 5 7 7 8 6 9 . 6 4 9 1 7 5 8 . 5 4 2 5 1 2 : 4 1
0 . 0 6 2 1 2 4 1 3 3 4 6 . 3 2 5 7 1 5 4 . 4 3 6 8 1 2 : 4 8
0 . 0 4 6 4 5 6 3 4 5 3 4 . 6 3 8 1 2 5 1 . 8 6 0 1 12 :53
0 . 0 3 0 9 6 0 4 3 2 2 3 . 0 7 9 8 1 4 8 . 6 1 1 3 13 :01
0 . 0 2 3 8 5 2 5 7 3 1 7 . 7 7 9 0 3 4 6 . 6 6 1 6 1 3 : 0 6
0 . 0 1 9 3 4 4 6 4 3 1 4 . 4 1 7 5 5 4 5 . 1 7 7 5 1 3 : 1 0
0 . 0 1 5 3 9 1 0 0 2 1 1 . 4 6 9 8 0 4 3 . 6 0 7 6 13 :14 
13 :24
0 . 0 1 1 7 1 5 9 0 3 8 . 7 2 8 9 0 4 1 . 7 9 8 9 13 : 26
0 . 0 0 9 6 3 3 5 5 4 7 . 1 7 7 4 5 4 0 . 5 5 8 9 13 :30
0 . 0 0 8 0 3 7 0 8 4 5 . 9 8 8 0 1 3 9 . 4 1 5 6 13 :34
0 . 0 0 5 8 1 5 9 0 8 4 . 3 3 3 1 3 3 7 . 4 7 4 7 13 :42
0 . 0 0 3 9 4 1 7 9 2 2 . 9 3 6 8 2 3 5 . 1 2 1 8 1 3 : 5 2
0 . 0 0 1 9 9 8 2 6 3 1 . 4 8 8 8 0 3 1 . 1 3 9 1 1 4 : 1 9
BJH Desorption Pore Distribution Report
t  = [ 1 3 . 9 9 0 0  /  ( 0 . 0 3 4 0  -  l o g ( P / P o ) ) ]  0 . 5 0 0 0
D i a m e t e r  R a n g e :  1 . 0 0 0 0  t o  5 0 0 . 0 0 0 0  nm
A d s o r b a t e  P r o p e r t y  F a c t o r :  0 . 9 5 3 0 0 0  nm 
D e n s i t y  C o n v e r s i o n  F a c t o r :  0 . 0 0 1 5 4 7  
F r a c t i o n  o f  P o r e s  Open a t  B o t h  E n d s :  0 . 0 0 0
P o r e A v e r a g e I n c r e m e n t a l C u m u l a t i v e I n c r e m e n t a l
D i a m e t e r D i a m e t e r P o r e  Volume P o r e  Volume P o r e  A r e a
R a ng e  (nm) (nm) (cm3/ g ) (cm3/ g ) (m2/ g )
4 8 . 2 - 9 . 8 1 1 . 0 0 . 0 0 0 0 5 5 0 . 0 0 0 0 5 5 0 . 0 2 0
100<J\ 7 . 5 8 . 3 0 . 0 0 0 4 7 4 0 . 0 0 0 5 2 9 0 . 2 2 8
7 . 5 - 6 . 1 6 . 6 0 . 0 0 0 6 8 9 0 . 0 0 1 2 1 8 0 . 4 1 6
6 . 1 - 5 . 1 5 . 5 0 . 0 0 8 9 4 3 0 . 0 1 0 1 6 1 6 . 5 5 0
5 . 1 - 4 . 9 5 . 0 0 . 0 2 7 3 1 5 0 . 0 3 7 4 7 6 2 1 . 8 8 0
4 . 9 - 4 . 7 4 . 8 0 . 0 9 7 0 7 0 0 . 1 3 4 5 4 6 8 0 . 9 0 1
4 . 7 - 4 . 5 4 . 6 0 . 0 5 1 9 8 6 0 . 1 8 6 5 3 2 4 5 . 2 8 8
4 . 5 - 4 . 2 4 . 3 0 . 0 6 0 5 7 3 0 . 2 4 7 1 0 4 5 6 . 0 3 6
4 . 2 - 3 . 9 4 . 0 0 . 0 3 2 5 5 6 0 . 2 7 9 6 6 0 3 2 . 5 6 4
3 . 9 - 3 . 6 3 . 7 0 . 0 2 0 6 3 5 0 . 3 0 0 2 9 6 2 2 . 3 0 6
3 . 6 - 3 . 3 3 . 4 0 . 0 1 4 0 6 0 0 . 3 1 4 3 5 6 1 6 . 4 7 7
3 . 3 - 3 . 2 3 . 2 0 . 0 0 4 7 4 9 0 . 3 1 9 1 0 5 5 . 8 9 2
3 . 2 - 3 . 0 3 . 1 0 . 0 0 3 6 7 0 0 . 3 2 2 7 7 4 4 . 7 3 2
7 4 6 . 2 8 8 2 7
7 4 6 . 7 5 3 6 6
7 4 7 . 0 1 2 2 7
7 4 6 . 2 3 6 5 1
7 4 5 . 0 4 7 1 2
C u m u l a t i v e  
P o r e  A r e a  
(m2 / g )
0 . 0 2 0  
0 . 2 4 8  
0 . 6 6 4  
7 . 2 1 5  
2 9 . 0 9 5  
1 0 9 . 9 9 6  
1 5 5 . 2 8 4  
2 1 1 . 3 1 9  
2 4 3 . 8 8 3  
2 6 6 . 1 8 9  
2 8 2 . 6 6 6  
2 8 8 . 5 5 9  
2 9 3 . 2 9 1
A-12
3 . 0 -  2 . 8  2 . 9  0 . 0 0 5 0 7 8  0 . 3 2 7 8 5 2  6 . 9 3 8  3 0 0 . 2 2 9
2 . 8 -  2 . 6  2 . 7  0 . 0 0 3 8 0 2  0 . 3 3 1 6 5 4  5 . 5 8 7  3 0 5 . 8 1 5
2 . 6 -  2 . 4  2 . 5  0 . 0 0 2 5 8 6  0 . 3 3 4 2 4 0  4 . 0 9 0  3 0 9 . 9 0 5
2 . 4 -  2 . 3  2 . 3  0 . 0 0 1 1 8 5  0 . 3 3 5 4 2 6  2 . 0 1 8  3 1 1 . 9 2 3
2 . 3 -  2 . 1  2 . 2  0 . 0 0 0 7 1 6  0 . 3 3 6 1 4 1  1 . 3 1 3  3 1 3 . 2 3 6
Summary R e p o r t  
A r e a
S i n g l e  P o i n t  S u r f a c e  A r e a  a t  P / P o  0 . 1 7 1 9 6 3 0 8  :
BET S u r f a c e  A r e a :
BJH A d s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
Volume
S i n g l e  P o i n t  T o t a l  P o r e  Volume o f  p o r e s  l e s s  t h a n  
6 0 9 . 2 8 3 8  nm D i a m e t e r  a t  P / P o  0 . 9 9 6 8 5 6 1 3 :
BJH A d s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
P o r e  S i z e
2 2 6 . 5 0 4 8
2 3 5 . 0 5 4 0
m2 / g  
m2 / g
2 6 9 . 2 3 6 5  
3 1 3 . 2 3 6 1
m2 / g  
m2 / g
0 . 3 7 1 8 8 2  cm3 / g  
0 . 3 5 1 2 9 3  cm3 / g  
0 . 3 3 6 1 4 1  cm3 / g
A v e r a g e  P o r e  D i a m e t e r  (4V/A b y  B E T ) :
BJH A d s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) : 
BJH D e s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) :
6 . 3 2 8 4
5 . 2 1 9 1





3. Sample: Alum ina gel(Lab2) calcined at 800°C
ASAP 2010 V 2 . 0 0  D
S u r f a c e  A r e a  R e p o r t s  
U n i t  1 S e r i a l  # 180
S a m p l e  I d  
O p e r a t o r  I d :  
S u b m i t t e r  I d :
F i l e  Name:
A1 S o l  l a b 2 ( c a l .  8 0 0 C , 4 h r s )  
S KIM 
S KIM
C : \ 2  0 0 0 M \ K I M \ 0 0 0 0 0 2 5 . SMP
S t a r t e d :  2 2 / 0 2 / 9 9  1 0 : 4 0 : 1 8  
C o m p l e t e d :  2 3 / 0 2 / 9 9  0 2 : 2 5 : 0 2  
R e p o r t  T ime :  1 1 / 0 7 / 8 0  1 1 : 5 9 : 5 4  
S a m p l e  W e i g h t :  0 . 1 1 8 4  g 
Warm F r e e s p a c e :  2 8 . 5 8 3 8  cm3 
E q u i l .  I n t e r v a l :  10 s e c s
A n a l y s i s  A d s o r p t i v e :  
A n a l y s i s  B a t h :  
T h e r m a l  C o r r e c t i o n :  
S mo ot h ed  P r e s s u r e s : 
C o l d  F r e e s p a c e :  
Low P r e s s u r e  D o s e :
N2
7 7 . 1 4  K
Yes
Yes
8 9 . 9 4 1 9  cm3 
2 . 0 0  cm3 / g  STP
A n a l y s i s  Log
R e l a t i v e P r e s s u r e V ol  A d s o r b e d E l a p s e d  Time
P r e s s u r e (mmHg) (cm3/ g  STP) (HR:MN)
0 5 : 2 2
0 . 0 0 0 0 0 4 6 4 5 0 . 0 0 3 4 4 2 . 0 4 5 2 0 5 : 5 1
0 . 0 0 0 0 1 9 2 4 6 0 . 0 1 4 2 5 4 . 0 7 9 9 0 6 : 0 5
0 .  0 0 0 0 53 3 20 0 . 0 3 9 4 8 6 . 0 9 7 7 0 6 : 1 8
0 . 0 0 0 1 2 7 2 6 6 0 . 0 9 4 2 4 8 . 0 8 8 4 0 6 : 2 7
0 . 0 0 0 2 2 8 8 6 2 0 . 1 6 9 4 7 1 0 . 0 4 2 3 0 6 : 3 5
0 . 0 0 0 3 8 0 1 8 4 0 . 2 8 1 5 3 1 1 . 9 4 5 8 06 : 41
0 . 0 0 0 5 9 6 7 9 6 0 . 4 4 1 9 5 1 3 . 7 8 4 4 0 6 : 4 7
0 . 0 0 0 9 1 2 4 2 3 0 . 6 7 5 7 0 1 5 . 6 2 7 8 0 6 : 5 6
0 . 0 0 1 3 4 2 2 9 8 0 . 9 9 4 0 8 1 7 . 3 8 9 9 0 7 : 0 4
0 . 0 0 1 9 0 6 5 7 7 1 . 4 1 2 0 1 1 9 . 0 5 3 3 0 7 : 1 1
0 . 0 0 2 6 2 0 5 4 7 1 . 9 4 0 8 3 2 0 . 6 0 7 4 0 7 : 1 8
0 . 0 0 4 1 2 4 5 6 7 3 . 0 5 4 8 4 2 2 . 8 9 5 7 07 : 28  
0 7 : 3 0
0 . 0 0 8 3 2 0 6 8 6 6 . 1 6 2 8 9 2 6 . 5 5 9 8 0 7 : 3 5
0 . 0 1 8 0 7 7 8 3 1 1 3 . 3 9 0 3 8 3 0 . 8 8 9 2 0 7 : 4 4
0 . 0 2 2 5 2 5 3 0 0 1 6 . 6 8 5 0 1 3 2 . 1 7 9 7 0 7 : 4 8
0 . 0 2 7 2 9 2 3 6 1 2 0 . 2 1 6 5 1 3 3 . 3 2 6 2 07 : 52
0 . 0 3 2 4 3 7 3 0 7 2 4 . 0 2 8 0 9 3 4 . 3 9 6 1 0 7 : 5 6
0 . 0 4 6 4 1 0 6 0 8 3 4 . 3 7 9 6 2 3 6 . 9 1 7 8 0 8 : 0 0
0 . 0 6 2 6 7 5 9 1 1 4 6 . 4 2 9 2 3 3 9 . 0 2 7 2 0 8 : 0 3
0 . 0 6 6 3 7 4 8 5 0 4 9 . 1 7 0 1 3 3 9 . 4 6 1 4 0 8 : 0 6
0 . 0 7 0 4 9 2 1 3 1 5 2 . 2 2 1 3 1 3 9 . 9 6 0 6 0 8 : 1 0
0 . 0 7 8 3 0 9 4 4 1 5 8 . 0 1 3 3 9 4 0 . 7 5 4 1 0 8 : 1 3
0 . 0 9 3 6 5 8 6 1 1 6 9 . 3 8 5 5 2 4 2 . 2 8 1 2 0 8 : 1 6
0 . 1 0 9 5 0 9 8 8 6 8 1 . 1 3 0 0 0 4 3 . 7 4 3 8 0 8 : 1 9
0 . 1 2 5 0 7 3 8 0 6 9 2 . 6 6 2 4 6 4 5 . 1 0 8 3 0 8 : 2 3
0 . 1 3 2 9 5 9 4 7 4 9 8 . 5 0 6 2 4 4 5 . 7 8 0 6 0 8 : 2 6
0 . 1 4 0 7 6 1 1 4 8 1 0 4 . 2 8 7 9 8 4 6 . 3 8 0 3 0 8 : 2 9
0 . 1 5 6 2 4 7 5 8 1 1 1 5 . 7 6 3 5 3 4 7 . 6 1 4 3 0 8 : 3 2
0 8 : 3 5
0 . 1 7 1 9 6 7 9 6 5 1 2 7 . 4 1 4 9 3 4 8 . 8 6 2 0 0 8 : 3 8
0 . 1 8 7 6 6 9 3 5 9 1 3 9 . 0 5 0 8 0 5 0 . 1 3 0 9 0 8 : 4 1
0 . 1 9 5 5 3 9 1 7 1 1 4 4 . 8 8 4 2 6 5 0 . 7 3 6 9 0 8 : 4 4
0 . 2 0 3 3 2 6 0 8 7 1 5 0 . 6 5 5 6 5 5 1 . 3 6 6 5 0 8 : 4 6
0 . 2 1 8 7 1 9 1 6 1 1 6 2 . 0 6 3 9 8 5 2 . 6 1 4 2 0 8 : 4 9
0 . 2 4 9 7 0 1 9 6 2 1 8 5 . 0 2 5 4 2 5 5 . 0 6 0 1 0 8 : 5 3
0 . 2 8 1 5 9 0 7 1 7 2 0 8 . 6 5 9 2 1 5 7 . 7 0 5 7 0 8 : 5 7
0 . 3 1 2 9 1 9 6 5 2 2 3 1 . 8 7 9 2 3 6 0 . 3 9 9 9 0 9 : 0 1
0 . 3 7 3 6 8 8 4 8 8 2 7 6 . 9 1 7 8 5 6 6 . 0 3 2 9 0 9 : 0 6
0 . 4 3 7 1 1 2 6 0 9 3 2 3 . 9 2 6 7 3 7 2 . 9 0 0 0 0 9 : 1 1
0 . 4 9 9 4 1 8 1 9 5 3 7 0 . 1 1 3 4 9 8 1 . 3 6 2 4 0 9 : 1 8
0 . 5 6 1 8 5 1 2 9 9 4 1 6 . 3 9 8 4 1 9 2 . 3 5 9 6 0 9 : 2 5
0 . 6 2 3 2 9 2 0 5 8 4 6 1 . 9 5 9 2 9 1 0 7 . 7 9 0 8 0 9 : 3 5
0 9 : 3 7
0 . 6 8 4 9 0 7 0 7 1 5 0 7 . 6 2 3 6 0 1 3 1 . 3 2 9 9 0 9 : 5 1
0 . 7 2 0 5 1 0 5 4 9 5 3 4 . 0 0 3 5 4 1 5 0 . 5 2 2 9 1 0 : 0 4
S a t u r a t i o n  
P r e s s . (mmHg)
7 4 0 . 3 0 0 2 3
7 4 0 . 6 5 1 4 3
7 4 0 . 9 0 9 9 7
7 4 1 . 1 6 8 5 8
A-14
0 . 7 5 1 0 7 7 6 0 5 5 5 6 . 6 4 9 4 1 1 7 0 . 9 7 7 7 1 0 : 1 8
0 . 7 8 8 0 0 7 2 0 9 5 8 4 . 0 0 6 7 1 1 9 5 . 4 5 5 4 1 0 : 3 7
1 0 : 3 9
0 . 8 1 6 2 3 4 1 2 4 6 0 4 . 9 9 7 8 0 2 0 7 . 4 4 8 9 1 0 : 4 9
0 . 8 4 3 8 9 9 6 1 8 6 2 5 . 5 3 3 8 1 2 1 2 . 0 9 7 1 1 0 : 5 3
0 . 8 9 2 8 4 4 5 9 8 6 6 1 . 8 3 7 8 3 2 1 3 . 7 1 3 1 1 0 : 5 6
0 . 9 2 4 9 9 3 8 1 7 6 8 5 . 6 9 3 8 5 2 1 4 . 1 8 1 1 1 0 : 5 9
0 . 9 5 6 3 0 1 4 1 4 7 0 8 . 9 1 9 1 3 2 1 4 . 4 9 8 5 1 1 : 0 1
0 . 9 8 7 5 7 2 5 9 2 7 3 2 . 1 1 8 5 3 2 1 4 . 7 2 1 5 1 1 : 0 3
0 . 9 9 8 6 7 1 5 0 6 7 4 0 . 4 4 4 7 0 2 2 8 . 4 5 3 3 1 1 : 1 4
0 . 9 5 6 5 0 7 3 8 0 7 0 9 . 2 0 8 6 2 2 1 5 . 0 5 5 1 1 1 : 1 7
0 . 9 1 2 4 8 8 5 9 1 6 7 6 . 5 8 6 9 1 2 1 5 . 0 4 0 1 1 1 : 1 9
0 . 8 8 0 5 6 8 7 8 5 6 5 2 . 9 4 2 8 1 2 1 4 . 9 3 4 1 1 1 : 2 2
0 . 8 4 8 5 2 5 6 8 3 6 2 9 . 2 0 5 5 7 2 1 4 . 8 6 9 3 1 1 : 2 5
0 . 7 8 6 4 2 7 6 9 8 5 8 3 . 1 7 9 2 6 2 1 4 . 7 0 1 3 1 1 : 2 8
0 . 7 2 4 5 5 2 0 7 2 5 3 7 . 3 0 8 0 4 2 1 4 . 3 5 2 8 1 1 : 3 0
0 . 6 8 1 9 3 2 0 9 5 5 0 5 . 7 2 0 5 2 2 1 4 . 0 0 1 8 1 1 : 3 3
0 . 6 5 2 3 0 0 6 1 5 4 8 3 . 8 9 1 6 0 1 7 7 . 8 6 0 8 1 1 : 5 8
1 2 : 0 0
0 . 6 3 7 9 8 7 0 5 8 4 7 3 . 2 8 4 8 8 1 5 0 . 8 8 4 9 1 2 : 2 5
0 . 6 2 3 0 6 8 7 0 1 4 6 2 . 2 1 7 8 3 1 3 3 . 1 8 1 9 1 2 : 4 5
0 . 6 0 7 5 9 2 7 2 4 4 5 0 . 7 3 7 1 2 1 2 1 . 1 3 6 6 12 :58
0 . 5 9 1 3 4 9 9 4 0 4 3 8 . 6 8 7 5 6 1 1 2 . 0 0 1 1 13 :08 
1 3 : 1 1
0 . 5 5 8 8 7 5 3 8 5 4 1 4 . 5 8 8 3 5 9 9 . 8 1 3 1 13 :20
0 . 4 9 8 3 7 5 4 1 4 3 6 9 . 6 9 9 7 1 8 5 . 7 6 7 5 13 :30
0 . 4 5 2 0 9 0 8 7 2 3 3 5 . 3 6 0 9 3 7 8 . 5 1 3 4 1 3 : 3 6
0 . 4 1 8 3 5 4 0 9 2 3 1 0 . 3 3 0 8 7 7 4 . 2 2 3 8 1 3 : 4 2
0 . 4 0 3 9 9 5 1 7 7 2 9 9 . 6 7 7 5 8 7 2 . 5 4 0 2 13 :45
0 . 3 7 2 2 0 8 3 7 4 2 7 6 . 0 9 5 5 5 6 9 . 2 4 7 7 1 3 : 5 0
0 . 3 4 1 4 6 5 8 7 0 2 5 3 . 2 8 9 2 3 6 6 . 2 8 0 2 1 3 : 5 4
0 . 3 1 0 3 0 5 2 1 9 2 3 0 . 1 7 2 6 4 63 . 46 9 8 13 :59
0 . 2 7 9 2 8 2 0 5 2 2 0 7 . 1 5 9 4 5 6 0 . 8 9 6 6 1 4 : 0 2
0 . 2 4 8 4 5 4 2 2 5 1 8 4 . 2 9 1 0 6 5 8 . 3 7 3 8 1 4 : 0 6
0 . 1 8 7 0 4 6 7 8 7 1 3 8 . 7 4 0 5 2 5 3 . 5 9 8 8 1 4 : 1 1
1 4 : 1 4
0 . 1 2 4 1 1 7 9 1 7 9 2 . 0 6 7 7 2 4 8 . 6 0 7 6 1 4 : 2 0
0 . 1 0 8 6 8 6 5 3 2 8 0 . 6 2 3 1 9 4 7 . 3 3 6 9 1 4 : 2 3
0 . 0 9 3 2 0 7 1 5 3 6 9 . 1 4 2 4 6 4 5 . 9 6 9 7 1 4 : 2 6
0 . 0 6 1 9 5 7 4 9 5 4 5 . 9 6 3 8 0 4 2 . 6 6 3 3 1 4 : 3 3
0 . 0 4 6 4 1 0 1 6 3 3 4 . 4 3 1 3 5 4 0 . 6 4 5 6 1 4 : 3 8
0 . 0 3 0 9 3 3 6 1 8 2 2 . 9 5 0 6 2 3 8 . 0 6 7 2 1 4 : 4 4
0 . 0 2 3 4 7 4 5 5 6 1 7 . 4 1 7 1 2 3 6 . 3 7 5 3 1 4 : 4 8
0 . 0 1 9 2 9 2 0 0 4 1 4 . 3 1 4 2 2 3 5 . 2 8 2 8 1 4 : 5 1
0 . 0 1 5 6 6 7 1 1 4 1 1 . 6 2 5 0 4 3 4 . 0 6 5 6 1 4 : 5 5
0 . 0 1 1 4 8 4 6 2 0 8 . 5 2 2 1 4 3 2 . 3 8 4 6 1 5 : 0 2
0 . 0 0 9 4 6 3 2 9 6 7 . 0 2 2 4 0 3 1 . 3 7 7 8 1 5 : 0 5
0 . 0 0 7 7 9 0 4 5 5 5 . 7 8 1 2 4 3 0 . 3 1 5 2 1 5 : 0 9
0 . 0 0 5 6 9 9 5 1 4 4 . 2 2 9 7 9 2 8 . 7 2 3 4 1 5 : 1 5
1 5 : 1 8
0 . 0 0 3 7 4 1 2 8 5 2 . 7 7 6 6 0 2 6 . 5 4 7 6 1 5 : 2 7
0 . 0 0 2 0 4 1 0 3 0 1 . 5 1 4 7 5 2 3 . 6 9 9 9 1 5 : 4 6
BJH D e s o r p t i o n  P o r e  D i s t r i b u t i o n  R e p o r t
t  = [ 1 3 . 9 9 0 0  /  ( 0 . 0 3 4 0  -  l o g ( P / P o ) ) ]  0 . 5 0 0 0
D i a m e t e r  R a n ge :  1 . 0 0 0 0  t o  5 0 0 . 0 0 0 0  nm
A d s o r b a t e  P r o p e r t y  F a c t o r :  0 . 9 5 3 0 0 0  nm 
D e n s i t y  C o n v e r s i o n  F a c t o r :  0 . 0 0 1 5 4 7  
F r a c t i o n  o f  P o r e s  Open a t  B o t h  E n d s :  0 . 0 0 0
P o r e  
D i a m e t e r  
Ra n ge  (nm)
4 5 . 9 -  2 3 . 3
2 3 . 3 -  1 7 . 2
1 7 . 2 -  1 3 . 7
1 3 . 7 -  9 . 7
A v e r a g e
D i a m e t e r
(nm)
2 7 . 7
1 9 . 3
1 5 . 0
1 1 . 0
I n c r e m e n t a l  
P o r e  Volume 
(cm3/ g )
0 . 0 0 0 0 2 8
0 . 0 0 0 2 1 0
0 . 0 0 0 1 2 9
0 . 0 0 0 3 5 4
C u m u l a t i v e  
P o r e  Volume 
(cm3 / g )
0 . 0 0 0 0 2 8
0 . 0 0 0 2 3 8
0 . 0 0 0 3 6 7
0 . 0 0 0 7 2 1
I n c r e m e n t a l  
P o r e  A r e a  
(m2/ g )
0 . 0 0 4
0 . 0 4 3
0 . 0 3 4
0 . 1 2 9
7 4 1 . 1 1 6 8 2
7 4 1 . 8 4 0 8 8
7 4 1 . 8 4 0 8 8
7 4 1 . 7 3 7 4 3
7 4 2 . 1 5 1 1 2
C u m u l a t i v e  
P o r e  A r e a  
(m2/ g )
0 . 0 0 4
0 . 0 4 7
0 . 0 8 2
0 . 2 1 1
A-15
9 . 7 - 7 . 5 8 . 3 0 . 0 0 0 7 8 6 0 . 0 0 1 5 0 7 0 . 3 8 0 0
7 . 5 - 6 . 4 6 . 8 0 . 0 0 0 8 1 8 0 . 0 0 2 3 2 5 0 . 4 7 8 1
6 . 4 - 5 . 8 6 . 1 0 . 0 9 2 4 4 7 0 . 0 9 4 7 7 2 6 0 . 8 3 0 61
100LD 5 . 6 5 . 7 0 . 0 6 9 3 9 6 0 . 1 6 4 1 6 8 4 8 . 8 6 2 110
1in 5 . 3 5 . 4 0 . 0 4 4 4 8 5 0 . 2 0 8 6 5 3 3 2 . 7 6 4 143
5 . 3 - 5 . 1 5 . 2 0 . 0 2 9 0 7 6 0 . 2 3 7 7 3 0 2 2 . 4 1 1 165
5 . 1 - 4 . 8 5 . 0 0 . 0 2 0 9 6 0 0 . 2 5 8 6 9 0 1 6 . 9 1 9 182
4 . 8 - 4 . 4 4 . 6 0 . 0 2 5 3 1 2 0 . 2 8 4 0 0 2 2 1 . 9 2 9 204
4 . 4 - 3 . 8 4 . 1 0 . 0 2 3 4 9 9 0 . 3 0 7 5 0 1 2 3 . 2 0 5 227
3 . 8 - 3 . 4 3 . 6 0 . 0 0 8 2 8 7 0 . 3 1 5 7 8 8 9 . 3 3 2 237
3 . 4 - 3 . 1 3 . 2 0 . 0 0 3 3 5 9 0 . 3 1 9 1 4 7 4 . 1 6 1 241
3 . 1 - 3 . 0 3 . 1 0 . 0 0 1 0 7 2 0 . 3 2 0 2 1 9 1 . 4 0 4 242
3 . 0 - 2 . 8 2 . 9 0 . 0 0 1 1 7 6 0 . 3 2 1 3 9 4 1 . 6 3 0 244
to 00 1 2 . 6 2 . 7 0 . 0 0 0 6 3 2 0 . 3 2 2 0 2 6 0 . 9 4 4 245
2 . 6 - 2 . 4 2 . 5 0 . 0 0 0 1 4 1 0 . 3 2 2 1 6 7 0 . 2 2 6 245
Summary R e p o r t  
A r e a
S i n g l e  P o i n t  S u r f a c e  A r e a  a t  P / P o  0 . 1 7 1 9 6 7 9 7  :
BET S u r f a c e  A r e a :
BJH A d s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
Volume
S i n g l e  P o i n t  T o t a l  P o r e  Volume o f  p o r e s  l e s s  t h a n  
1 4 3 7 . 7 7 7 4  nm D i a m e t e r  a t  P / P o  0 . 9 9 8 6 7 1 5 1 :
BJH A d s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
P o r e  S i z e
A v e r a g e  P o r e  D i a m e t e r  (4V/A b y  BET) :
BJH A d s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) :
BJH D e s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) :
1 7 6 . 1 2 7 5
1 8 3 . 0 4 9 1
m2/ g  
m2 / g
2 0 3 . 3 3 0 1
2 4 5 . 6 8 4 2
m2 / g  
m2 / g
0 . 3 5 3 3 7 2  cm3 / g  
0 . 3 2 8 1 5 3  cm3 /'g 
0 . 3 2 2 1 6 7  cm3 / g
7 . 7 2 1 9
6 . 4 5 5 6





4. Sample: A lum ina gel(Lab2) calcined at 1000°C
ASAP 2010  V 2 . 0 0  D U n i t  1
Summary r e p o r t
S e r i a l  # 180
S a m p l e  I d  Al  S o l  L a b 2 ( c a l c  1 0 0 0 C , 4 h r s )  
O p e r a t o r  I d :  S Kim 
S u b m i t t e r  I d :  S Kim
F i l e  Name:  C: \20 00M\ KI M\ 000 002 6. SMP
S t a r t e d :  2 3 / 0 2 / 9 9  1 1 : 5 7 : 1 6  
C o m p l e t e d :  2 4 / 0 2 / 9 9  0 4 : 0 3 : 1 6  
R e p o r t  T im e :  1 7 / 0 3 / 0 0  2 3 : 1 7 : 4 8  
S a m p l e  W e i g h t :  0 . 1 1 6 5  g 
Warm F r e e s p a c e :  2 8 . 3 4 7 4  cm3 
E q u i l .  I n t e r v a l :  10 s e c s
A n a l y s i s  A d s o r p t i v e :  N2
A n a l y s i s  B a t h :  
T h er m al  C o r r e c t i o n :  
Smoot hed  P r e s s u r e s :  
C o l d  F r e e s p a c e :  
Low P r e s s u r e  Dos e :
7 7 . 1 5  K
Yes
Yes
9 0 . 9 6 6 4  cm3 
1 . 0 0  cm3 / g  STP
A n a l y s i s  Log
R e l a t i v e P r e s s u r e V ol  A d s o r b e d E l a p s e d  Time
P r e s s u r e (mmHg) (cm3/ g  STP) (HR:MN) 
03 :16
0 . 0 0 0 0 0 4 9 6 3 0 . 0 0 3 7 0 1 . 0 3 6 6 0 3 : 3 7
0 . 0 0 0 0 1 8 4 9 1 0 . 0 1 3 7 8 2 . 0 6 5 0 0 3 : 4 7
0 . 0 0 0 0 4 9 1 6 6 0 . 0 3 6 6 3 3 . 0 7 5 6 03 :56
0 . 0 0 0 1 3 0 5 9 6 0 . 0 9 7 3 1 4 . 0 5 7 4 0 4 : 0 3
0 . 0 0 0 2 3 1 6 1 0 0 . 1 7 2 5 7 5 . 0 0 0 6 0 4 : 0 9
0 . 0 0 0 3 7 8 6 2 8 0 . 2 8 2 1 2 5 . 8 9 7 2 0 4 : 1 5
0 . 0 0 0 5 7 7 1 0 3 0 . 4 3 0 0 1 6 . 7 4 0 1 0 4 : 2 0
0 . 0 0 0 8 3 0 3 9 7 0 . 6 1 8 7 5 7 . 5 2 5 5 0 4 : 2 6
0 . 0 0 1 1 3 9 7 1 7 0 . 8 4 9 2 3 8 . 2 5 1 8 0 4 : 3 1
0 . 0 0 2 1 4 3 3 3 2 1 . 5 9 7 0 7 9 . 8 2 6 0 0 4 : 4 0
0 . 0 0 4 0 7 0 5 1 3 3 . 0 3 3 1 2 1 1 . 5 7 4 1 04 :49 
0 4 : 5 1
0 . 0 0 9 0 1 6 4 4 5 6 . 7 1 7 9 9 13,8338 0 4 : 5 8
0 . 0 1 8 8 6 4 8 1 5 1 4 . 0 5 4 6 1 1 5 . 8 9 4 2 0 5 : 0 5
0 . 0 2 3 5 7 0 1 0 8 1 7 . 5 5 9 4 9 1 6 . 5 2 0 3 0 5 : 0 8
0 . 0 2 8 0 3 2 7 2 1 2 0 . 8 8 3 3 2 1 7 . 0 1 9 9 0 5 : 1 1
0 . 0 3 2 8 3 7 6 8 5 2 4 . 4 6 1 9 3 1 7 . 4 9 4 6 0 5 : 1 4
0 . 0 4 6 7 0 1 2 6 7 3 4 . 7 8 8 5 4 1 8 . 6 9 4 3 0 5 : 1 6
0 . 0 6 2 6 0 1 6 6 5 4 6 . 6 3 1 2 9 1 9 . 6 7 5 8 0 5 : 1 9
0 . 0 6 6 5 3 3 6 6 4 4 9 . 5 5 8 3 6 1 9 . 9 0 4 5 0 5 : 2 2
0 . 0 7 0 5 9 0 0 6 4 5 2 . 5 7 8 5 2 2 0 . 1 3 7 0 0 5 : 2 4
0 . 0 7 8 3 6 9 2 0 8 5 8 . 3 7 0 6 0 2 0 . 5 5 9 7 0 5 : 2 7
0 . 0 9 3 9 9 4 0 0 7 7 0 . 0 0 6 4 7 2 1 . 2 4 9 9 0 5 : 2 9
0 . 1 0 9 6 9 0 3 6 5 8 1 . 6 9 4 0 5 2 1 . 9 2 1 6 0 5 : 3 2
0 . 1 2 5 3 8 6 3 4 9 9 3 . 3 8 1 6 5 2 2 . 5 0 1 0 0 5 : 3 4
0 . 1 3 3 1 1 2 9 2 0 9 9 . 1 3 2 3 5 2 2 . 8 4 5 9 0 5 : 3 7
0 . 1 4 0 9 4 9 4 4 2 1 0 4 . 9 6 5 8 1 2 3 . 1 2 4 0 0 5 : 3 9
0 . 1 5 6 5 7 8 0 9 8 1 1 6 . 6 0 1 6 8 2 3 . 6 8 1 1 0 5 : 4 1
0 . 1 7 2 2 7 9 1 2 2 1 2 8 . 2 8 9 2 9 2 4 . 2 5 1 6 0 5 : 4 4
0 . 1 8 7 9 7 8 9 6 9 1 3 9 . 9 7 6 8 8 2 4 . 7 8 1 6 0 5 : 4 6
0 . 1 9 5 8 3 1 5 7 5 1 4 5 . 8 2 0 6 6 2 5 . 0 2 3 0 0 5 : 4 8
0 . 2 0 3 6 1 7 6 6 9 1 5 1 . 6 1 2 7 6 2 5 . 2 6 3 6 0 5 : 5 1
0 5 : 5 3
0 . 2 1 8 9 8 0 4 1 9 1 6 3 . 0 4 1 7 5 2 5 . 8 1 1 6 0 5 : 5 6
0 . 2 5 0 1 0 6 9 0 1 1 8 6 . 2 1 0 0 7 2 6 . 8 5 7 0 0 5 : 5 9
0 . 2 8 1 7 9 1 4 0 0 2 0 9 . 7 9 2 1 1 2 7 . 9 7 9 6 0 6 : 0 2
0 . 3 1 3 0 5 7 6 1 3 233 . 06 3 89 2 9 . 0 6 7 0 0 6 : 0 4
0 . 3 7 4 8 3 0 4 7 2 2 7 9 . 0 3 8 5 4 3 1 . 3 1 5 5 0 6 : 0 8
0 . 4 3 7 7 1 5 4 9 2 3 2 5 . 8 4 0 5 8 3 3 . 7 7 5 2 0 6 : 1 1
0 . 4 9 9 9 7 9 9 5 7 3 7 2 . 1 7 7 2 2 3 6 . 7 4 2 5 0 6 : 1 4
0 . 5 6 2 7 4 2 4 1 3 4 1 8 . 8 7 5 9 5 4 0 . 3 9 7 0 0 6 : 1 8
0 . 6 2 4 8 2 3 8 3 5 4 6 5 . 0 5 7 4 3 4 5 . 4 0 3 0 0 6 : 2 3
0 6 : 5 5
0 . 6 6 2 1 0 0 1 4 0 4 9 2 . 5 6 9 7 9 5 0 . 2 5 2 2 0 7 : 0 2
0 . 6 8 9 6 5 8 0 7 3 5 1 3 . 0 4 8 8 9 5 3 . 2 6 0 2 0 7 : 0 6
0 . 7 1 7 1 5 6 9 8 0 533 . 47 6 38 5 7 . 9 4 8 9 0 7 : 1 1
S a t u r a t i o n  
P r e s s . (mmHg)
7 4 5 . 0 5 8 0 4
7 4 5 . 1 4 5 8 1
7 4 4 . 5 7 6 9 7
7 4 4 . 0 0 8 0 6
A -17
0 . 7 3 2 8 7 5 1 6 8 5 4 5 . 0 6 0 4 9 6 2 . 9 0 0 0 0 7 : 2 9
0 . 7 4 4 6 1 4 5 2 1 5 5 3 . 7 4 8 6 0 6 4 . 9 9 1 1 0 7 : 3 6
0 . 7 9 8 8 9 2 1 2 3 5 9 4 . 0 3 4 6 1 8 3 . 8 5 8 3 0 7 : 4 8
0 7 : 5 8
0 . 8 0 5 3 7 5 7 0 4 5 9 8 . 7 4 5 8 5 9 0 . 4 9 6 8 0 8 : 0 3
0 . 8 0 9 4 9 6 5 3 2 6 0 1 . 7 9 1 8 7 9 1 . 4 9 3 2 0 8 : 0 5
0 . 8 3 3 9 0 4 6 6 7 6 1 9 . 8 1 9 7 0 1 0 6 . 2 6 3 2 0 8 : 1 8
0 . 8 3 8 3 3 1 9 4 2 6 2 3 . 0 4 6 7 5 1 1 0 . 8 0 9 3 0 8 : 2 5
0 . 8 4 4 2 8 7 8 0 0 6 2 7 . 3 9 0 7 5 1 1 6 . 4 1 3 2 0 8 : 3 4
0 . 8 5 0 6 8 7 7 6 6 6 3 2 . 0 4 5 1 0 1 2 2 . 8 2 8 8 0 8 : 4 5
0 . 8 5 7 9 8 9 1 8 1 6 3 7 . 3 7 6 8 9 1 2 9 . 0 0 5 6 0 8 : 5 5
0 9 : 0 0
0 . 8 6 4 2 0 7 2 1 0 6 4 1 . 8 7 1 0 3 1 3 4 . 3 3 4 2 0 9 : 0 7
0 . 8 7 0 9 6 7 2 1 0 6 4 6 . 8 3 5 5 7 1 3 6 . 9 3 9 1 0 9 : 1 2
0 . 8 7 9 2 6 7 5 2 2 6 5 2 . 8 8 6 2 3 1 4 2 . 3 3 2 2 09 : 22
0 . 9 0 0 9 9 7 6 7 8 6 6 8 . 7 8 8 6 4 1 4 6 . 2 0 6 7 0 9 : 4 2
0 . 9 3 4 4 7 2 4 9 4 6 9 3 . 4 3 0 7 9 1 4 6 . 7 1 9 3 0 9 : 5 9
1 0 : 0 4
0 . 9 4 9 2 3 5 2 0 5 7 0 4 . 2 8 5 8 3 1 4 6 . 9 0 8 7 1 0 : 0 9
0 . 9 6 8 9 8 8 7 5 5 7 1 8 . 9 2 6 3 3 1 4 7 . 0 7 1 5 1 0 : 1 1
0 . 9 7 3 8 9 2 7 9 5 722 . 54 120 1 4 7 . 1 2 7 1 1 0 : 1 4
0 . 9 8 4 6 6 6 3 9 6 7 3 0 . 5 1 0 3 8 1 4 7 . 2 4 2 8 1 0 : 1 7
0 . 9 9 2 3 5 6 0 1 1 7 3 6 . 1 9 9 1 6 1 4 7 . 3 9 9 6 1 0 : 1 9
0 . 9 9 5 6 7 1 0 9 5 738 .578 06 1 4 8 . 4 4 0 3 1 0 : 2 9
0 . 9 6 9 0 6 2 5 3 0 7 1 8 . 6 6 7 8 5 1 4 7 . 4 2 8 6 1 0 : 5 1
1 1 : 0 8
0 . 9 3 5 8 0 4 8 2 4 6 9 3 . 8 4 4 6 7 1 4 7 . 5 5 1 6 1 1 : 1 4
0 . 9 0 0 0 2 7 8 3 7 6 6 7 . 2 8 8 9 4 1 4 7 . 6 4 8 5 1 1 : 2 0
0 . 8 8 4 1 9 1 4 4 0 6 5 5 . 5 2 3 8 0 1 4 7 . 7 0 3 9 1 1 : 2 5
0 . 8 6 8 3 2 5 3 1 1 6 4 3 . 7 3 2 7 9 1 4 7 . 7 0 8 0 1 1 : 3 1
0 . 8 0 6 0 6 6 6 4 5 5 9 7 . 5 5 1 2 1 1 4 7 . 7 9 4 5 1 1 : 3 7
0 . 7 5 3 1 5 1 5 7 1 5 5 8 . 2 6 3 3 1 1 3 7 . 4 1 2 4 1 1 : 5 2
0 . 7 5 0 8 8 4 4 5 7 5 5 6 . 5 4 6 3 3 1 3 2 . 4 5 3 1 1 2 : 0 1
0 . 7 4 8 6 4 2 0 4 4 5 5 4 . 8 3 9 7 8 1 2 4 . 9 4 7 2 1 2 : 1 2  
12 : 15
0 . 7 4 7 3 8 6 0 2 0 5 5 3 . 7 3 3 0 9 1 1 8 . 9 5 2 0 12 :23
0 . 7 4 5 3 2 1 9 1 9 5 5 1 . 9 3 8 5 4 1 1 1 . 1 8 3 5 1 2 : 3 6
0 . 7 4 2 4 3 9 4 7 5 5 4 9 . 5 8 0 3 8 1 0 4 . 1 3 3 2 1 2 : 4 7
0 . 7 3 9 0 7 9 3 9 4 5 4 6 . 8 7 0 5 4 9 7 . 5 8 0 6 1 2 : 5 8
0 . 7 3 4 8 8 5 1 2 6 5 4 3 . 5 6 5 8 6 9 1 . 6 3 8 5 1 3 : 0 8
0 . 7 3 0 3 9 4 2 0 9 5 4 0 . 0 4 4 1 3 8 5 . 9 3 5 8 13 : 18  
13 : 23
0 . 7 2 7 2 6 2 3 0 8 5 3 7 . 4 6 3 6 2 8 0 . 4 7 0 4 1 3 : 3 3
0 . 7 1 9 8 8 7 3 7 8 5 3 1 . 8 0 0 7 2 7 5 . 1 5 4 1 1 3 : 4 6
0 . 7 1 1 3 0 4 8 6 4 5 2 5 . 2 0 1 9 7 6 9 . 6 8 2 4 1 4 : 0 2
0 . 7 0 0 9 8 2 3 3 4 5 1 7 . 3 4 1 2 5 6 4 . 7 7 8 5 1 4 : 1 7
0 . 6 8 2 7 0 0 4 5 7 5 0 3 . 7 4 0 2 0 6 0 . 2 9 0 5 1 4 : 2 4
1 4 : 2 9
0 . 6 2 9 3 7 0 9 8 5 4 6 4 . 7 4 1 9 1 4 9 . 3 2 1 4 1 4 : 3 7
0 . 6 2 0 6 2 1 8 7 6 4 5 8 . 4 3 7 8 4 4 7 . 9 7 6 4 1 4 : 4 0
0 . 6 0 3 8 5 2 6 5 3 4 4 6 . 2 5 3 8 1 4 6 . 0 6 8 6 1 4 : 4 4
0 . 5 8 8 4 3 8 5 2 7 4 3 5 . 0 1 0 9 6 4 4 . 5 5 8 8 1 4 : 4 7
0 . 5 5 6 9 1 5 5 0 1 4 1 1 . 8 9 4 3 5 4 1 . 9 1 8 7 1 4 : 5 1
0 . 4 9 4 5 4 2 8 9 2 3 6 5 . 9 7 1 4 1 3 8 . 1 3 0 5 1 4 : 5 6
0 . 4 6 4 5 4 4 5 0 6 3 4 3 . 8 8 9 1 3 3 6 . 7 2 8 4 1 4 : 5 9
0 . 4 3 2 8 9 0 4 2 0 3 2 0 . 5 6 5 6 4 3 5 . 4 1 0 9 1 5 : 0 2
0 . 4 1 7 1 2 6 1 7 8 3 0 8 . 9 9 7 0 1 3 4 . 8 2 1 5 1 5 : 0 5
0 . 4 0 1 5 8 5 6 5 3 2 9 7 . 5 5 2 4 6 3 4 . 2 3 9 7 1 5 : 0 7
0 . 3 7 0 6 0 9 6 7 1 2 7 4 . 6 9 4 4 3 3 3 . 1 9 4 1 1 5 : 1 0
0 . 3 3 9 5 8 5 0 2 9 2 5 1 . 7 8 4 7 0 3 2 . 2 2 6 1 1 5 : 1 3
0 . 3 0 8 5 8 1 5 0 0 2 2 8 . 8 7 4 9 8 3 1 . 3 1 8 9 1 5 : 1 6
0 . 2 7 7 6 6 8 6 9 6 2 0 6 . 0 1 6 9 5 3 0 . 4 6 6 8 1 5 : 1 9
0 . 2 4 6 8 4 6 5 2 5 1 8 3 . 2 1 0 6 0 2 9 . 6 1 9 9 1 5 : 2 2
0 . 1 8 5 2 6 5 2 8 7 1 3 7 . 5 5 1 4 4 2 8 . 0 3 4 7 1 5 : 2 5
0 . 1 2 3 2 6 6 2 5 4 9 1 . 5 7 1 6 4 2 6 . 1 8 5 6 1 5 : 3 0
1 5 : 3 3
0 . 1 0 7 6 7 0 8 6 0 8 0 . 0 1 3 3 3 2 5 . 6 9 5 9 1 5 : 3 5
0 . 0 9 3 1 6 1 1 6 0 6 9 . 2 3 0 7 5 2 5 . 2 4 6 5 1 5 : 3 7
0 . 0 6 1 9 8 4 4 2 2 4 6 . 0 6 2 4 2 2 3 . 9 0 8 0 1 5 : 4 3
0 . 0 4 6 5 3 5 2 5 3 3 4 . 5 8 1 6 9 2 3 . 0 5 0 9 1 5 : 4 6
0 . 0 3 1 0 8 6 0 7 9 2 3 . 1 0 0 9 6 2 1 . 9 5 1 0 1 5 : 5 1
0 . 0 2 3 0 1 3 5 3 1 1 7 . 1 0 2 0 2 2 1 . 0 9 5 3 1 5 : 5 5















1 2 8 9 1
A-18
0 . 0 1 9 3 2 5 2 1 4  1 4 . 3 6 1 1 2  2 0 . 6 1 6 7  1 5 : 5 8
0 . 0 1 5 5 6 7 3 0 4  1 1 . 5 6 8 5 1  2 0 . 0 7 7 7  1 6 : 0 1
0 . 0 1 1 8 7 8 9 9 0  8 . 8 2 7 6 2  1 9 . 3 1 8 7  1 6 : 0 4
0 . 0 0 9 3 2 5 0 0 4  6 . 9 2 9 6 8  1 8 . 7 1 8 2  1 6 : 0 8
BJH D e s o r p t i o n  P o r e  D i s t r i b u t i o n  R e p o r t
t  = [ 1 3 . 9 9 0 0  /  ( 0 . 0 3 4 0  -  l o g ( P / P o ) ) ]  0 . 5 0 0 0
D i a m e t e r  R a n ge :  1 . 0 0 0 0  t o  5 0 0 . 0 0 0 0  nm
A d s o r b a t e  P r o p e r t y  F a c t o r :  0 . 9 5 3 0 0 0  nm 
D e n s i t y  C o n v e r s i o n  F a c t o r :  0 . 0 0 1 5 4 7  
F r a c t i o n  o f  P o r e s  Open a t  B o t h  E n d s :  0 . 0 0 0
P o r e A v e r a g e I n c r e m e n t a l C u m u l a t i v e I n c r e m e n t a l C u m u l a t i v e
D i a m e t e r D i a m e t e r P o r e  Volume P o r e  Volume P o r e  A r e a P o r e  A r e a
R a nge  (nm) (nm) (cm3/ g) (cm3/ g ) (m2 / g ) (m2 / g )
6 3 . 8 - 8 . 4 9 . 1 0 . 0 2 3 1 1 2 0 . 0 2 3 1 1 2 1 0 . 1 6 4 1 0 . 1 6 4
8 . 4 - 8 . 3 8 . 3 0 . 0 1 1 8 4 4 0 . 0 3 4 9 5 7 5 . 6 8 6 1 5 . 8 5 0
1m00 8 . 2 8 . 3 0 . 0 1 7 9 6 7 0 . 0 5 2 9 2 4 8 . 7 0 6 2 4 . 5 5 6
i<N00 8 . 2 8 . 2 0 . 0 1 4 3 7 9 0 . 0 6 7 3 0 2 7 . 0 1 7 3 1 . 5 7 3
8 . 2 - 8 . 1 8 . 1 0 . 0 1 8 6 0 3 0 . 0 8 5 9 0 5 9 . 1 4 1 4 0 . 7 1 4
1H00 oCO 8 . 1 0 . 0 1 6 7 9 6 0 . 1 0 2 7 0 1 8 . 3 3 7 4 9 . 0 5 1
00 0 1 7 . 9
o00 0 . 0 1 5 5 4 2 0 . 1 1 8 2 4 3 7 . 8 1 2 5 6 . 8 6 3
7 . 9 - 7 . 8 7 . 8 0 . 0 1 3 9 6 2 0 . 1 3 2 2 0 5 7 . 1 2 4 6 3 . 9 8 7
7 . 8 - 7 . 6 7 . 7 0 . 0 1 3 3 4 3 0 . 1 4 5 5 4 8 6 . 9 2 6 7 0 . 9 1 3
7 . 6 - 7 . 5 7 . 6 0 . 0 1 2 9 5 9 0 . 1 5 8 5 0 7 6 . 8 2 6 7 7 . 7 3 9
7 . 5 - 7 . 3 7 . 4 0 . 0 1 1 9 4 3 0 . 1 7 0 4 5 1 6 . 4 2 0 8 4 . 1 5 9
7 . 3 - 7 . 1 7 . 2 0 . 0 1 2 1 5 4 0 . 1 8 2 6 0 4 6 . 7 3 2 9 0 . 8 9 1
7 . 1 - 6 . 9 7 . 0 0 . 0 1 0 4 6 8 0 . 1 9 3 0 7 2 6 . 0 0 3 9 6 . 8 9 4
6 . 9 - 6 . 4 6 . 6 0 . 0 0 8 0 7 6 0 . 2 0 1 1 4 8 4 . 8 7 6 1 0 1 . 7 7 0
6 . 4 - 5 . 4 5 . 8 0 . 0 1 9 0 3 1 0 . 2 2 0 1 7 9 1 3 . 0 5 6 1 1 4 . 8 2 6
5 . 4 - 5 . 3 5 . 3 0 . 0 0 1 9 9 1 0 . 2 2 2 1 6 9 1 . 4 8 9 1 1 6 . 3 1 5
5 . 3 - 5 . 0 5 . 1 0 . 0 0 2 0 9 0 0 . 2 2 4 2 5 9 1 . 6 2 4 1 1 7 . 9 3 9
5 . 0 -
00 4 . 9 0 . 0 0 1 3 4 7 0 . 2 2 5 6 0 6 1 . 0 9 7 1 1 9 . 0 3 5
4 . 8 - 4 . 4 4 . 6 0 . 0 0 1 7 8 2 0 . 2 2 7 3 8 8 1 . 5 5 3 1 2 0 . 5 8 8
4 . 4 - 3 . 8 4 . 0 0 . 0 0 0 3 8 2 0 . 2 2 7 7 7 1 0 . 3 8 0 1 2 0 . 9 6 8
3 . 8 - 1 . 0 1 . 0 0 . 0 0 0 1 2 9 0 . 2 2 7 9 0 0 0 . 4 9 6 1 2 1 . 4 6 4
1 . 0 - 1 . 0 1 . 0 0 . 0 0 0 0 5 4 0 . 2 2 7 9 5 4 0 . 2 1 5 1 2 1 . 6 8 0
Summary R e p o r t  
A r e a
S i n g l e  P o i n t  S u r f a c e  A r e a  a t  P / P o  0 . 1 7 2 2 7 9 1 2  :
BET S u r f a c e  A r e a :
BJH A d s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  S u r f a c e  A r e a  o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
Volume
S i n g l e  P o i n t  T o t a l  P o r e  Vol ume o f  p o r e s  l e s s  t h a n  
4 4 3 . 2 9 1 4  nm D i a m e t e r  a t  P / P o  0 . 9 9 5 6 7 1 1 0 :
BJH A d s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
BJH D e s o r p t i o n  C u m u l a t i v e  P o r e  Volume o f  p o r e s  
b e t w e e n  1 . 0 0 0 0 0 0  a n d  5 0 0 . 0 0 0 0 0 0  nm D i a m e t e r :
P o r e  S i z e
A v e r a g e  P o r e  D i a m e t e r  (4V/A b y  B E T ) :
BJH A d s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4 V / A ) :
BJH D e s o r p t i o n  A v e r a g e  P o r e  D i a m e t e r  ( 4V/ A) :
8 7 . 3 8 4 2
9 0 . 5 4 0 4
9 0 . 5 1 5 0
1 2 1 . 6 7 9 6




0 . 2 2 9 6 0 8  cm3/ g  
0 . 2 1 4 9 5 6  cm3/ g  
0 . 2 2 7 9 5 4  cm3 / g
1 0 . 1 4 3 9
9 . 4 9 9 3





Appendix 5. Measurement of apparent density
1. Method
The density of the specimens is measured by helium displacement using a pycnometer 
(.AccuPyc 1330, Micrometries Instrument Co.). Pycnometer measures the volume of 
solids of irregular shape by gas displacement whether powdered or in one piece. A 
general diagram of the instrument is shown in Figure A5.1. It was assumed that both 
the cell volume ( V cell) and the expansion volume ( V ex p) are at ambient pressure (Pa) 
and at ambient temperature (Ta). After the valve is closed, V c ell  is changed to an 
elevated pressure. The working equation is:




where p)g = pi - pa 







F igure  A 5 .1 . S ch em ca tic  d iag ram  o f  p y cn o m ete r
2. Results
1. Sample: Cordierite substrate 
• Sample weight: 1.656 g
Apparent density : 2.48 +  1.2 g/cm
Run D ensity (g/cm 3) Run Density (g /cm 3)
1 2.503 6 2 .476
2 2.492 7 2 .472
3 2.487 8 2 .462
4 2.475 9 2 .469
5 2.472 10 2.464
A-20
2. Sample: Alumina gel
A. Calcination temperature: 45 0  °C
•  Sam ple w eight: 0 .4516  g
•  Apparent density : 3.41 ±  0 .06  g/cm 3
Run D ensity (g /cm  ) Run D ensity  (g /cm  )
1 3.279 6 3.451
2 3.353 7 3.415
3 3 .404 8 3 .436
4 3.407 9 3 .479
5 3.421 10 3.481
B. Calcination temperature: 600  °C
• Sam ple w eight: 0 .4932  g
•  Apparent density : 3.93 +  0 .06  g/cm 3
Run
_  . . . . .  ....  
D ensity (g /cm  ) Run D ensity  (g /cm  )
1 4 .052 6 3 .889
2 3.914 7 3 .906
3 3.965 8 3 .876
4 3.988 9 3 .919
5 3.869 10 3.873
C. Calcination temperature: 800  °C
•  Sam ple w eight: 0 .3728  g
•  Apparent density : 4 .24  ±  0 .07  g/cm 3
Run
, ----------- ------ -
D ensity (g /cm  ) Run
■ - ------------ ---------
D ensity  (g /cm  )
1 4 .306 6 4 .263
2 4.327 7 4 .1 3 6
3 4 .327 8 4 .184
4 4 .248 9 4 .1 7 2
5 4 .278 10 4 .157
D. Calcination temperature: 1000 °C
•  Sam ple w eight: 0 .7048  g
•  Apparent density : 4 .27  ±  0 .03  g/cm 3
Run
............ ... 1 -- jr-
D ensity (g /cm  ) Run
-------------- ---------
D ensity  (g /cm  )
1 4 .310 6 4 .289
2 4 .304 7 4 .257
3 4 .304 8 4 .238
4 4 .273 9 4 .23
5 4 .298 10 4 .217
E. Calcination temperature: 1100 °C
•  Sam ple w eight: 0 .5506  g
•  Apparent density : 3 .84  ±  0 .16  g/cm 3
Run
, . . .  , -  . -----
D ensity (g /cm  ) Run
"1 1 ........... . 3 --
D ensity  (g /cm  )
1 4 .146 6 3.781
2 4.071 7 3 .776
3 3 .899 8 3 .682
4 3 .899 9 3.675
5 3.841 10 3.668
A-21
F. Calcination temperature: 1200 °C
•  Sam ple w eight: 0 .3049  g
•  Apparent density : 3 .89  +  0 .3 6  g/cm 3
Run
----------------- M--------
D ensity (g /cm  ) Run D ensity  (g /cm  )
1 4 .5 4 6 6 3.727
2 4 .360 7 3 .669
3 4 .138 8 3 .582
4 3.998 9 3 .492
5 3.887 10 3.527
A-22
